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The design, synthesis and application of biomaterials are emerging as one of the most 
exciting interdisciplinary research ﬁelds, which brings together aspects of medicine, 
biology, chemistry and materials science [1-3]. Advances in biomaterials research 
have allowed bioengineers to not only learn about the relation between a cell and its 
environment that affect phenotype but also to design therapeutic strategies [4]. These 
advances thus enable applications in modulating the immune response, wound healing, 
drug delivery  [5-8] cell therapy and tissue regeneration [9, 10]. Despite the impressive 
functionality of these newly assembled biomaterials, their design complexity represents 
a barrier for truly replicating the capacity of natural materials abilities. Natural materials 
exhibit sophisticated examples of self-assembly as in the case of signalling pathways, 
where thousands of molecules ranging from proteins to lipids, to sugars, to simple ions, 
etc. interact in space and time in an extremely complex yet highly regulated manner 
[11, 12]. The unique self-assembling properties of DNA renders it an excellent building 
block for the construction of biomaterials. DNA possesses many unique properties, 
including its biological function, biocompatibility, molecular recognition capacity and 
nanoscale controllability [13]. In this thesis, a novel hybrid hydrogel based on DNA and 
the polyisocyanopeptide polymer is developed with unique biochemical and physical 
properties. The hydrogel has the ability to sense and exhibit a macro/micro molecular 
response very similar to natural materials. The thesis gradually advances by interplaying 
with DNA’s ability as a molecular building block and molecular recognition element using 
a rich set of biological tools like enzymes to develop next generation biomaterials. 
1.1 | Extra-cellular matrix 
To regenerate tissues and organs, one of the biggest challenges in the ﬁeld of biomaterials 
is to replicate the three-dimensional extracellular scaffold known as the extra-cellular 
matrix (ECM). The ECM is a complex and dynamic mesh, which not only provides a 
physical scaffold for cells to reside, remodel and interact but also initiates crucial 
biophysical and biochemical cues [14, 15]. These cues, in turn, can be the start of altering 
cell adhesion, cell shape, cell migration, and can activate signal transduction pathways 
to inﬂuence gene expression, proliferation, and differentiation. The architecture of the 
ECM is highly organized and is composed of proteins, proteoglycans, glycoproteins and 
polysaccharides (Figure 1.1).
Variations in this composition dramatically alter various physical properties of the ECM, 
like its elasticity. Elasticity is one of the key properties that can change in response to 
the mechanical and biochemical cues for regulating processes in diverse types of cells 
like those in bone, skin or cornea. The elasticity of the ECM also represents the intrinsic 
resistance of organs and tissues to stress. Tissues in the body span a wide range of 
elasticity, and it has been suggested that different tissue mechanical properties may 
synchronously inﬂuence cell phenotypes in a tissue-speciﬁc manner. The elasticity of the 
ECM varies dramatically between tissues. E.g., the elasticity of brain tissue (~0.1-1 kPa) is 
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softer than striated skeletal muscle (~8-17 kPa), which in turn is softer than pre-calciﬁed 
bone (~25-40 kPa) [16-18]. Recent studies have also indicated a strong correlation between 
the elasticity of the ECM and cell proliferation, differentiation, migration and even stem-
cell differentiation  [19-22]. This behaviour is attributed to the ﬁbrous cross-linked nature 
of the ECM network, whereupon exertion of a certain strain the ECM aligns, stiffens and 
sometimes undergoes a permanent change  [23, 24]. Further, many biopolymers that are 
contributing to the ECM, like actin, ﬁbrin, and collagen, exhibit a property called stress 
stiffening. These biopolymers stiffen when they are increasingly being deformed [23]. A 
strain-dependent increase in elasticity is of physiological relevance to prevent damage 
from exposure to large deformations like in the case of ﬁbrin in blood clotting and collagen 
in tendons and ligaments. Some studies have also indicated the role of stress stiffening 
in the long-distance cell to cell communication [25]. Interestingly, these biopolymers 
exhibit similar structural features, i.e., the formation of thick ﬁbrils or bundles of deﬁned 
dimensions through non-covalent interactions, which results in their ability to respond to 
mechanical stress or strain  [24, 26-28]. 
 
Figure 1.1 | Schematic representation of the cellular microenvironment with the extra-cellular 
matrix composed of structural ﬁbres, adhesion binding domains and proteoglycans for 
biomolecule sequestration  [14].
1.2 | 2D vs 3D scaffolds for cell-based studies 
Most of the cell-based studies to regenerate tissues and organs have been performed on 
two-dimensional (2D) surfaces like micro-well plates, cell culture ﬂasks and tissue culture 
plates due to ease, convenience and high cell viability. These 2D surfaces have provided 
the necessary understanding regarding basic cell biology, but major disadvantages 
in terms of mimicking the natural microenvironment of cells have remained. In their 
natural in vivo environment, cells reside in a mesh of a three-dimensional (3D) network of 
biopolymers, which provide the necessary mechanical and biochemical signals. Recent 
studies have shown that 3D cell culture systems, in contrast to 2D culture systems, more 
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accurately represent the actual microenvironment and signiﬁcantly affect cell survival, 
proliferation and differentiation. For instance, 2D cultures polarize cells such that only a 
segment of the cell’s membrane can interact with the ECM and neighbouring cells, while 
the rest of the cell is exposed to the bulk culture media. This disturbs the intracellular 
signalling and thus the phenotype of the cell. Therefore, current research is focussed on 
developing a variety of 3D cell culture systems for drug discovery, studying stem cells, 
cancer cell biology and tissue engineering  [29-31].
1.3 | Hydrogels 
Hydrogels are three-dimensional cross-linked networks of hydrophilic polymers that 
can absorb large amounts of water (~90 % by weight). The cross-linked network provides 
resistance to dissolution, while the considerable sum of water provides necessary 
biocompatibility for various biomolecules [32, 33]. Their biocompatibility, resemblance to 
a biopolymer network, ease of fabrication, diffusive transport and viscoelastic properties 
make networks of natural or synthetic biomimetic polymers suitable to mimic the ECM. 
Hydrogels can be broadly classiﬁed by their nature of cross-linking as either physical 
or chemical. Chemically cross-linked hydrogels have permanent junctions, whereas 
physically cross-linked hydrogels have transient junctions that arise from the physical 
entanglement of polymers or from ionic, hydrogen or hydrophobic bond interactions. In 
the past decade, owing to a tremendous interest in developing novel hydrogels, dynamic 
hydrogels and stimuli-responsive hydrogels have been evolved from static hydrogels. 
Stimuli-responsive hydrogels are deﬁned by their ability to undergo gel-to-solution or 
gel-to-solid transitions upon applying an external trigger or stimulus. Depending on the 
nature of the hydrophilic polymer and/or the cross-linker, the transition can be single or 
multiphasic [34]. Hydrogels that respond to pH, temperature, biomolecules, a magnetic 
or electric ﬁeld, or salts have been reported [35]. Common events associated with a 
macromolecular response in these hydrogels include a change in volume, transition from 
gel to solution or solution to gel, or changes in mechanical properties [36, 37]. The ability to 
respond to a diversity of stimuli has further driven the development of scaffolds for tissue 
engineering, biosensing and drug delivery applications [38, 39]. 
1.4 | Bulk mechanical characterisation of hydrogels 
Bulk mechanical characterisation gives a global picture of the mechanical properties of 
hydrogels, which is critical in homogeneous encapsulation and the desired behaviour. 
As mentioned previously, hydrogels are viscoelastic in nature, which is a result of a 
combination of stored (elastic) and dissipative (viscous) energy. The rheological analysis 
is a common technique to characterise the viscoelastic nature of hydrogels. This 
technique involves the measurement of small deformations of a sample in shear ﬂow and 
is also called small amplitude oscillatory shear (SAOS). It measures the shear response 
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of a sample that is contained between two parallel plates on a rheometer. The upper 
plate undergoes small-amplitude sinusoidal oscillations with low frequency, while the 
lower plate is ﬁxed (Figure 1.2). When hydrogels are subjected to such a sinusoidal linear 
deformation (in stress or strain) the complex dynamic modulus (G*) can be obtained. 
Equation 1 describes G*, where G’ is the elastic or storage modulus, G” is the loss 
modulus, T* is the shear stress, and H* is the shear strain.
G*  =G’+iG” =T*      (1)
When G″ > G′, the sample behaves more like a viscous liquid while, conversely, when G′ 
> G″, the sample behaves more like an elastic solid. By measuring the dynamic modulus 
as a function of frequency one can easily observe the behaviour of a hydrogel on short 
vs long timescales. Another characterisation is gradually increasing the amplitude of 
oscillations which lead to the variation of storage and loss moduli and thus provides 
more information about the viscoelastic nature. The evolution of the dynamic modulus 
as a function of temperature and time can further provide insights into the gelation 
mechanism and kinetics  [40-42]. To understand more about local mechanical properties 
of hydrogels, nanoindentation atomic force microscopy (AFM) and trace particle 
micro-rheology is often used [43]. These techniques provide information on the local 
heterogeneity of the material, as well as anisotropic effects that may be present in a 
three-dimensional microenvironment [42].
1.5 | Stress-stiffening of hydrogels 
As described previously, stress or strain stiffening is a unique property of biopolymers. 
Networks of biopolymers increase in stiffness in response to applied stress or deformation 
Figure 1.2 | Discovery series hybrid rheometer ﬁtted with two Peltier plates for optimised 
temperature control. The distance between the two plates is adjustable and the sample is 
loaded between two parallel plates. 
H*
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(strain). The stress-stiffening of hydrogels is usually quantiﬁed by the differential modulus 
K’ = bm/ba, the ﬁrst derivative of the stress-strain curve. When probed for stress-stiffening, 
ﬂexible hydrogels show a linear increase in stress as a response to the applied strain, 
resulting in K’ being similar to the elastic modulus G’, which in this case is referred to as 
the plateau modulus (G0). Stress-stiffening of semi-ﬂexible hydrogels from biopolymers 
exhibits two regimes, a linear regime where K’ is equal to G’ and a second regime referred 
commonly as the non-linear regime where the stress increases non-linearly with the 
applied strain (Figure 1.3).
 
Figure 1.3 | Differential modulus K’ as a function of applied stress (T) for a stress stiffening 
hydrogel a linear regime is observed at low stress where K’ is constant and a non-linear regime 
is observed at higher stress where K’ increases non-linearly with stress.
 
The mechanical analysis introduces two additional parameters, namely the stiffening 
index (m) and the critical stress (Tc) [44]. The stiffening index represents the intensity of 
the stress response, while the critical stress represents the onset of stress-stiffening. 
For example, the biopolymer network of actin shows a high stiffness (G0), a low sensitivity 
to stress (low Tc) [28] and a high stiffening index, whereas a similar concentration of ﬁbrin 
shows a low stiffness, a high sensitivity to stress and a high stiffness index [45]. These 
hydrogels further exhibit completely reversible stress-stiffening behaviour, i.e., when the 
applied stress is removed the stiffness of hydrogels returns to its original value (G0).
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1.6 | Polyisocyanopeptide-based hydrogels
Figure 1.4 | A) A bundled network of polyisocyanopeptide polymers observed by using atomic 
force microscopy [46] (reproduced with permission). B) Stress-stiffening of polyisocyanopeptide 
hydrogels, as indicated by the differential modulus K’, where synthetic hydrogels are compared 
with hydrogels from natural biopolymers [47] (reproduced with permission). 
 
Polyisocyanopeptide (PIC) based hydrogels are composed of water-soluble oligo(ethylene) 
glycol polyisocyanopeptides that form hydrogels at very low concentrations, 0.006 % 
wt/vol. Polyisocyanopeptides are synthesized by nickel(II)-catalyzed polymerization 
of di-, tri- or tetraethylene glycol functionalized isocyano-(D)-alanyl-(L)-alanines. By 
varying the catalyst to monomer ratio, the molecular weight of the resulting polymers 
can be easily tuned. PICs form a `-helical architecture with various lengths of ethylene 
glycol side chains. Hydrogen bonds stabilize the polypeptide backbone into the helical 
shape. The ethylene glycol side chains freely extend outward. PIC polymers exhibit 
thermo-responsive behaviour and a transition to a gel state by formation of polymer 
bundles through hydrophobic aggregation of the ethylene glycol side chains above the 
lower critical solution temperature (LCST). The length of the ethylene glycol side chains 
determines the LCST of the polymer. For example, PICs with triethylene glycol sidechains 
exhibit an LCST above 18 °C and PICs with tetraethylene glycol sidechains exhibit an LCST 
above 40 °C. 
This typical behaviour is directly related to the dehydration ability of the ethylene glycol 
side chains. These hydrophobic side chains thus bundle up and remain kinetically 
trapped in a network state. The formation of bundles was conﬁrmed using atomic force 
microscopy (Figure 1.4a) and cryo-scanning electron microscopy. Due to their ability 
to form bundles PIC hydrogels exhibit stress-stiffening behaviour, which has been 
characterized by rheological analysis. Stress-stiffening, as mentioned previously, is 
A B
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often observed in hydrogel networks of biological polymers like actin, ﬁbrin, collagen 
and intermediate ﬁlaments (Figure 1.4b). Stress-stiffening indicates the resistance of the 
hydrogel to mechanical deformation and this behaviour can be attributed to the helical 
and semi-ﬂexible nature of PIC polymers. Owing to the persistence length (Lp), which 
varies between 5-10 nm, a PIC polymer with a length of ~400 nm can be regarded as semi-
ﬂexible. During the bundling process, the persistence length increases quadratically with 
the number of single polymer chains to ~460 nm [44, 46, 48]. 
More recently, a strong correlation between the onset of stress-stiffening and stem 
cell differentiation was established using PICs. Soft PIC hydrogels (0.2-0.4 kPa) were 
used to encapsulate human mesenchymal stem cells. The stress-stiffening behaviour 
of these PIC hydrogels was tuned by varying the polymer length while maintaining the 
bulk stiffness and ligand density. The results indicate that stress-stiffening plays a role in 
the mechanotransduction pathway during stem cell-osteogenesis. By tuning the onset 
of stress-stiffening, differentiation of the stem cells from adipogenesis to osteogenesis 
could be controlled [47]. Furthermore, the role of PICs as a multivalent scaffold in T-cell 
activation has been explored in detail [49, 50]. 
1.7 | DNA as a material
The discovery of DNA as a carrier of genetic information has revolutionized the 
fundamental understanding of living organisms. To date, much research effort has 
involved the understanding of the role of DNA in molecular biology and genetics but 
during the last two decades, the role of DNA has also been highlighted in designing 
functional material for numerous applications in chemistry, physics, computer science, 
nanotechnology and medicine [51-55]. DNA is a polymer composed of four different deoxy-
nucleoside monomers: Adenosine (A), Guanosine (G), Thymidine (T) and Cytidine (C). 
The sugar moieties of the monomers are connected by a 3’-5’-phosphodiester bond, 
which forms the polymer backbone chain of the single-stranded DNA (ssDNA). When 
complementary, two ssDNAs hybridize to form a helical double-stranded DNA (dsDNA) 
through the well-known base-pairing rules (i.e., A pairs with T and G pairs with C). This 
property is commonly used to impart molecular recognition to different ssDNA chains. 
DNA hybridization is reversible as dsDNA can be denatured to form two ssDNAs, which 
can be reannealed into dsDNA. This reversible feature affords it to develop strategies 
using temperature as a control mechanism for regulating the two DNA states (ssDNA or 
dsDNA). The nucleobase-paring is delicately orchestrated by a combination of several 
weak forces, like hydrogen bonding, π-stacking, electrostatic forces, and hydrophobic 
effects [56]. The free energy of a hybridized dsDNA can be calculated accurately using the 
“nearest neighbour model”, which has been integrated into various computer programs 
and web interfaces and enable the calculation of thermodynamic properties of DNA (or 
RNA) molecules under different experimental conditions such as monovalent or divalent 
ion concentrations and temperature [57-60]. These interfaces enable accurate predictions 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 20
CHAPTER 1
20
of the stability of DNA duplexes over a wide temperature range and ion concentration. 
Fine tuning thermodynamic stabilities with the kinetics of association and dissociation 
of dsDNA allows for the design, development and manipulation of the dynamic nature 
of DNA molecules. For example, the hybridization rates can be ﬁne-tuned by introducing 
secondary structures or toehold sequences, as DNA molecules with complementary 
sequences unfold extremely slow when their double-stranded stem is of sufficient 
stability (or length) [61-64]. 
As a material DNA also possesses remarkable chemical and physical properties. 
Physically, dsDNA is semi-ﬂexible and possesses a high rigidity. One helical turn of dsDNA 
consists of ten base pairs with a length of 3.4 nm and the width of the double helix is 
approximately 2 nm. The persistence length of dsDNA is 50 nm (150 bp). Below the Lp, DNA 
behaves like a rod and above the Lp, it becomes ﬂexible [65, 66]. The Lp of ssDNA is only 1 
nm (3 nt) and therefore very ﬂexible. DNA can be bent, twisted, stretched or squashed into 
any number of different shapes by ﬁne-tuning the speciﬁcity of nucleobase recognition. 
DNA can also be easily chemically modiﬁed or conjugated with other functional chemical 
groups such as primary amines, thiols, biotins, alkynes, and ﬂuorescent dyes, internally 
or at the 5’ or 3’ end of DNA. These modiﬁcations allow DNA to be either covalently or 
non-covalently conjugated to a variety of substrates [51]. Furthermore, there is a large 
molecular biological toolbox for the manipulation of DNA sequences. For example, DNA 
ligase connects two DNA strands covalently together and nucleases function as scissors 
to cleave the phosphodiester bond of the DNA backbone. A group of special nucleases 
referred to as restriction endonucleases (> 4000 different reported) function as precise 
scissors that recognise and cleave DNA at a speciﬁc sequence recognition site [67]. 
Other nucleases like exonucleases selectively trim the DNA sequence depending on 
their nature (i.e., either ssDNA or dsDNA). Importantly, the production of synthetic DNA 
oligonucleotides is nowadays fully automated at low costs. 
1.8 | DNA-based hydrogels
The remarkable properties of DNA such as its indispensable genetic role, precise 
molecular recognition, programmability, biocompatibility, manipulability and ﬂexibility 
make it an ideal building block to develop hydrogels [68]. Two distinct strategies are 
implemented for developing DNA-based hydrogels. The ﬁrst strategy involves cross-
linking of DNA itself to form hydrogels by enzymatic ligation, polymerization, hybridization, 
and/or speciﬁc binding of DNA motifs. These are termed pure DNA hydrogels. The second 
strategy involves modiﬁcation of other polymer chains with DNA as chain branches 
and subsequent formation of DNA hydrogels by cross-linking the branches. These are 
termed DNA-hybrid hydrogels. Notably, both the chemical cross-linking and physical 
entanglement method can be employed for the successful design of responsive hybrid 
or pure DNA hydrogels [69]. Broadly, these DNA hydrogels can be further classiﬁed based 
on their stimuli responsiveness to temperature [70], pH [71-73], small molecules (ion, salts, 
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enzymes) [74-76], photo/UV [77] and magnetic ﬁelds [78, 79] as shown in Figure 1.5. Lastly, 
these hydrogels exhibit a macromolecular response by a change in volume, optical, 
phase or surface functionalities [68]. Table 1.1 provides an overview of functionality and 
applicability of typical DNA-based hydrogels. 
Table 1.1 | Summary of typical DNA-based hydrogels 
Application Novelty and mechanism
1 Diagnostic/Biosensors An adenosine-binding aptamer and two acrydite modiﬁed DNA’s 
were copolymerised with acrylamide to form a DNA hydrogel. In 
presence of adenosine, the hydrogel dissolved into a solution. 
The change in solution to hydrogel was measured by the absor-
bance of gold nan  particles [80]. Similar hydrogels for sensing co-
caine and glucose have been reported [69]. 
2 Controlled release
(Drug/protein/gene)
Using non-covalent interactions such as electrostatic interac-
tions or intercalation, small molecules like e.g. doxorubicin (an 
anticancer drug) have been selectively released to cancer cells 
[81]. Similar strategies have been used in the controlled release of 
tetracycline, platelet-derived growth factor, or thrombin [82].
3 Environmental A regenerable DNA based hydrogel for ultrasensitive detection 
and removal of mercury ions (Hg2+) from water to detect concen-
trations of Hg2+as low as 10 nM. The working principle is based on 
the binding of Hg2+ between two thymine bases of DNA sequences 
grafted in the hydrogel [83]. Similar hydrogels with selective detec-
tion of Cu++ have been reported [84]. 
4 Protein production A hydrogel entirely made by enzymatic ligation of DNA sequenc-
es. Genes coding for functional proteins were incorporated into 
the hydrogel. Higher local concentrations of genes resulted in 
300-fold higher production compared to current solution based 
techniques [85]. 
5 Cell culture Hydrogels were prepared using DNA as cross-linker. The revers-
ible nature of DNA allowed controlling the gelation and mechani-
cal properties of the resulting hydrogels. Neurons obtained from 
the spinal cord were cultured in this matrix. This study highlighted 
the biocompatibility and mechanical properties of the matrix in 
neural tissue engineering [86]. Similar studies were applied to ﬁ-
broblasts [87] and cell migration in 3D [88]. 
6 Cell adhesion A hydrogel based on DNA aptamers was used to study cell adhe-
sion. These DNA aptamers were programmed to respond to ATP. 
The presence of ATP, which was either exogenously secreted or 
released by cells, resulted in the change of cell adhesion [15]. DNA 
hydrogels using RGD peptide have also been reported to control 
cell adhesion [89].
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Figure 1.5 | Schematic representation of two main types of DNA hydrogels based on 
the nature of cross-linking, either physical (hydrophobic, electrostatic etc.) or chemical. 
1.9 | Aim and outline of the thesis
The goal of this thesis was to design and develop multi-functional hydrogels with stress-
stiffening properties based on synthetic PIC polymers. The multi-functional aspect is 
studied using synthetic nucleic acids that can respond to diverse stimuli. The PIC polymers 
used in this thesis are tetra (ethylene glycol) grafted PICs which start to form hydrogels 
around 37 °C in Milli-Q water. DNAs are conjugated onto PIC in two steps, i) a functional 
azide group is introduced on the PIC polymer and ii) strain-promoted click chemistry is 
used to attach a DBCO modiﬁed DNA molecule. The developed hydrogels uniquely mimic 
natural biopolymers. Their bundled architecture and multi-faceted nature provide the 
capacity to respond to diverse stimuli like pH and biomolecules. The newly developed 
hydrogels are characterised by rheology to determine their bulk mechanical properties.
In Chapter 2 we demonstrate the design and development of DNA responsive PIC 
hydrogels with stress stiffening capacity. We show that the mechanical properties of 
these hydrogels are highly dependent on the cross-linker DNA sequence and can be 
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controlled using down to 5 µM of DNA cross-linker. The mechanical properties of this 
hydrogel show high resemblance with cross-linked biopolymers like ﬁbrin and actin. 
We further demonstrate how the natural ability of PIC bundle formation affects the 
mechanical properties of the DNA cross-linked hydrogel. Lastly, using a DNA toehold 
chemistry approach, we demonstrate that the mechanical properties of this hydrogel 
can be reversibly tuned. 
In Chapter 3, i-motif based DNA cross-linkers are used to develop DNA-PIC hydrogels that 
are responsive to pH and in turn, can be used to ﬁne-tune the stress-stiffening property 
of the hydrogels. The working principle is based on the DNA i-motif, that acts as an H+-
dependent spring, which contracts in the presence of H+ and extends in the absence of 
H+. In an acidic environment, the i-motif contracts due to the formation of a quaternary 
structure, which changes the mechanical properties of the hydrogel, particularly the 
onset of stress-stiffening. We also show a similar behaviour of a hydrogel in which a 
DNA triple helix is formed in response to lowering the pH. Lastly, we demonstrate the 
applicability of this novel DNA-PIC hydrogel using a DNA aptamer responsive to thrombin, 
a protein commonly involved in blood coagulation.  
In Chapter 4, a DNA-PIC hydrogel is designed, which can be programmed to sequentially 
change from gel to solution back to a gel phase. The program design is based on the smart 
interplay between the DNA base-pairing and PIC thermo-gelation capacities. The two gel 
phases of this hydrogel exhibit unique mechanical properties. We also study the effect of 
multivalency on a DNA-PIC hydrogel assembly by ﬁne-tuning the DNA density on the polymer. 
In Chapter 5, the DNA-PIC hydrogel is combined with an enzymatic cascade to 
autonomously control the mechanical properties of the hydrogel using low amounts of 
DNA or RNA oligonucleotides as a stimulus. The enzymatic cascade involves isothermal 
DNA ampliﬁcation called rolling circle ampliﬁcation from circular DNA templates and 
restriction endonucleases. To gain more control over the system, circle-to-circle DNA 
ampliﬁcation is employed using two circular DNA templates in combination with speciﬁc 
product DNA digestion by isoschizomers of restriction endonucleases. The circular DNA 
templates were designed for selective primer hybridisation and restriction digestion. 
The thesis concludes with Chapter 6, which includes a discussion of the important 
ﬁndings of this work and highlights the possible applications along with further 
development of these novel hydrogels. 
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2.1 | Abstract
Biological materials have evolved to combine a number of functionally relevant 
properties. They are sensitive to chemical and mechanical signals and respond to these 
signals in a highly speciﬁc manner. Many biological hydrogels possess the ability to stress-
stiffen, a property that is difficult to mimic in synthetic systems. We describe a novel 
synthetic hydrogel that possesses stress-stiffening behaviour in the biologically relevant 
stress regime and, at the same time, contains DNA cross-links as stimuli-responsive 
elements. The hydrogel scaffold is composed of oligo(ethylene glycol)-functionalized 
polyisocyanopeptides (PIC), which show a sol-to-gel transition upon increasing the 
temperature. We show that the mechanical properties of the hybrid hydrogel depend on 
DNA cross-linker concentration and temperature. At high temperature, a hydrophobically 
bundled stress-stiffening PIC network forms. In contrast, gel formation is controlled by 
DNA cross-linking at temperatures below the PIC sol-to-gel transition. The DNA cross-
linked hydrogel also exhibits stress-stiffening behaviour and its properties are controlled 
by the DNA cross-linker concentration. The hydrogel properties can further be tuned 
when using DNA cross-linkers with different melting temperature or when breaking 
cross-links by strand displacement. This clearly shows the potential of DNA cross-links 
as stimuli-responsive elements, highlighting possible applications of this hybrid hydrogel 
as a new sensor.
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2.2 | Introduction
Biomimetic stimuli-responsive hydrogels have gained a lot of attention in the materials 
science community, both from a fundamental and an application point-of-view [1-5]. In 
particular, the high speciﬁcity and predictability of DNA self-assembly has allowed for 
the design and synthesis of many functional DNA-hybrid hydrogels that are responsive 
to various external stimuli (such as  pH [6], temperature [7], DNA[8]) with applications in 
sensing [9], puriﬁcation [10], controlled release [11] and as bio-scaffolds [12, 13]. Just as most 
other synthetic hydrogels, DNA-hybrid hydrogels lack one crucial property present in 
natural materials: the ability to stress-stiffen, i.e. to become stiffer when stressed beyond 
a certain critical stress (mC). Furthermore, these hydrogel assemblies are limited by slow 
reaction kinetics and the large DNA quantities needed for a measurable response. In this 
work, we present a novel DNA cross-linked hydrogel that stress-stiffens in the biologically 
relevant stress range and is sensitive to micromolar concentrations of DNA.  
Previously, we developed a synthetic thermoresponsive hydrogel based on helical 
oligo(ethylene glycol)-functionalized polyisocyanopeptides (PIC) [14, 15]. These PIC 
hydrogels form a biomimetic network that stress-stiffens in a stress regime similar to 
natural scaffolds assembled from extracellular (collagen, ﬁbrin) or intracellular (F-actin, 
microtubules) biopolymers [16, 17]. Moreover, we identiﬁed the onset of stress-stiffening 
of these hydrogels as an important parameter for controlling stem cell fate in these 
3D biomimetic scaffolds [18]. In the present work, we have combined the favorable 
properties of DNA as a stimuli-responsive supramolecular assembly building unit with 
our stress-stiffening PIC to achieve full user-deﬁned control of its mechanical properties 
[11, 19]. We have grafted single-stranded (ss) DNA to PICs and used these anchor points 
to cross-link the PIC polymers with a bridging complementary DNA strand. A thorough 
rheological analysis was used to precisely determine the inﬂuence of various parameters 
(cross-linker DNA, polymer concentration, polymer length and temperature) on the 
mechanical properties of the hydrogel. We show that the stress-stiffening properties of 
the PIC hydrogel are retained in the DNA cross-linked hydrogel and that the stiffness and 
critical stress of the hydrogel network can be conveniently tuned by the DNA cross-linker 
concentration. Furthermore, the DNA-mediated gelation process can be reversed by 
adding toeholds on the bridging DNA, thereby allowing full bi-directional control of the 
mechanical material properties. This combination of thermoresponsive PIC polymers 
with controllable and responsive DNA elements offers a versatile platform with various 
potential applications in biomedical and materials sciences.
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2.3 |  Results and Discussion
2.3.1 | Synthesis of DNA-responsive polyisocyanopeptide hydrogels
 
Figure 2.1 | Synthesis of the DNA-responsive PIC hydrogel. The N3-containing PIC polymer is 
functionalized with DNA carrying a DBCO reactive group. The resulting PIC-DNA A and PIC-
DNA B conjugates are mixed with cross-linker DNA C to induce hydrogel formation at room 
temperature. Staining the dsDNA elements with ethidium bromide in an inverted Eppendorf 
tube proves the formation of a stable hydrogel network.
 
The synthesis and working principle of the DNA-responsive hydrogel are depicted in 
Figure 2.1. It is based on tetra(ethylene glycol)-functionalized PIC polymers. Azide-
functionalized PIC’s were synthesized through a nickel(II)-catalyzed co-polymerization 
of the tetra(ethylene glycol)-functionalized isocyano-(D)-alanyl-(L)-alanine monomer 
and the corresponding azide-appended monomer [20]. Using a 30:1 molar ratio of the 
corresponding monomers, the statistical average distance between the functional azide 
groups on the polymer chains was 3.5 nm. These azide moieties were subsequently 
used to couple ssDNA oligonucleotides functionalized with a strained alkyne [21]. For 
DNA coupling, 5’-NH2-DNA A and 3’-NH2-DNA B (Table 2.1) were ﬁrst reacted with the 
NHS ester-functionalized azadibenzocyclooctyne DBCO-PEG4-NHS. The DBCO-groups 
were subsequently coupled to the azide-functionalized PIC using a strain promoted 
azide-alkyne cycloaddition reaction [22], resulting in two different DNA functionalized 
polymers PIC-DNA A and PIC-DNA B, respectively. The 3’-11 nucleotides of DNA A and 5’-
11 nucleotides of DNA B were designed to complement DNA C (22 nucleotides) to form 
cross-links between the PIC-DNA A and PIC-DNA B polymers. A high reaction efficiency 
(~90 % ssDNA coupling) was obtained as determined using a ﬂuorogenic coumarin dye 
assay that quantiﬁes the concentration of DBCO (Supporting Information, Figure A.2.1). 
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Table 2.1 | DNA sequences used in this study.
Single-stranded DNA DNA Sequence (5’-->3’) No. of 
Nucleotides
DNA A NH2-TTT TTT TCA ACA TCA GT 17
DNA B CTG ATA AGC TAT TTT TT-NH2 17
DNA C TAG CTT ATC AGA CTG ATG TTG A 22
Non-complementary DNA (NC) TCA ACA TCA GTC TGA TAA GCT A 22
DNA C’ C CAC ATA CAT TAG CTT ATC AGA CTG ATG TTG A 32
DNA D TCA ACA TCA GTC TGA TAA GCT AAT GTA TGT GG 32
DNA M TAG CTT ATC AGA CTG ATG TTA A 22
 
2.3.2 | Effect of different polymer lengths
The PIC polymer exhibits a temperature-dependent sol-to-gel transition as a result of 
polymer bundling induced by the hydrophobic aggregation of the tetra(ethylene glycol) 
tails [17, 18]. To obtain the ﬁrst proof that DNA cross-links can promote gel formation below 
the PIC transition temperature, we investigated the rheological properties of samples 
prepared from polymers of a different length over a range of different temperatures. 
Four DNA-functionalized PIC polymers were synthesized with different average lengths 
of 125 nm (P1), 225 nm (P2), 297 nm (P3) and 350 nm (P4) by varying the nickel catalyst to 
monomer ratio (a lower ratio corresponds to a higher average polymer length). Polymer 
lengths were estimated using atomic force microscopy (Supporting Information, Figure 
A.2.2 and Figure A.2.3). PIC-DNA A and PIC-DNA B polymers of identical length were 
mixed with complementary DNA C at 4 °C to facilitate easy handling. The total polymer 
concentration was kept constant at 1.8 mg mL-1 for all experiments. Hydrogel formation 
was analyzed using rheological measurements over a range of different temperatures in 
the absence or presence of complementary DNA C in nearly stoichiometric amounts. For 
the longest DNA-functionalized polymer P4,  a sharp sol-to-gel transition was observed 
at ~39 °C in the absence of DNA C (Figure A.2.4a). In contrast, no sol-to-gel transition 
was detected for the shortest polymer P1 measured under identical conditions. A very 
weak gel was only formed when the sample was heated above 50 °C (Figure A.2.4b). 
When DNA C was added, however, stable hydrogels already formed at room temperature, 
independent of polymer length (Figure 2.2a). The presence of a network was conﬁrmed by 
cryo-scanning electron microscopy of the DNA cross-linked P4 hydrogel, which showed 
a ﬁbrous and porous structure (Supporting Information, Figure A.2.5). The addition of 
a non-complementary DNA strand (Figure 2.2b) did not result in hydrogel formation 
at room temperature. These results clearly show that the DNA interaction is able to 
induce gel formation below the PIC gelation temperature, independent of the previously 
established gelation mechanism dominated by hydrophobic interactions between PIC 
polymers. The mechanical properties of the DNA cross-linked gels were subsequently 
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Figure 2.2 | Kinetic rheology measurements of DNA cross-linked hydrogels at a ﬁxed frequency 
(1 Hz) and strain (2%) at 30 °C in PBS, 10 mM MgCl2, pH 7.4. A) Time evolution of the storage 
modulus (G’) after addition of cross-linker DNA C to DNA A and DNA B functionalized PIC 
polymers P1-P4 at 1.8 mg mL-1 with cross-linker ratio (R) of 0.9. The inset shows the plateau 
modulus (G0) as a function of polymer length. B) Time evolution of G’ after addition of cross-
linker DNA C at R = 0.1, 0.3, 0.6, 0.9 and 1.2 as well as non-complementary DNA NC. The inset 
shows the dependence of G0 on R. C) G0 as a function of concentration of the DNA functionalized 
polymers P3 and P4 (cp = 0.6, 0.9, 1.2, 1.5, and 1.8 mg mL-1) at R = 0.9. The solid lines are power-law 
ﬁts and show that P3 scales with cp2.4 and P4 scales with cp2.1. D) Differential modulus (K’) against 
stress (m) for the DNA cross-linked P4 hydrogel at different R (0.1, 0.3, 0.6, and 0.9) showing the 
stress-stiffening behavior of the PIC-DNA hydrogel. The inset shows that the critical stress (mC) 
scales directly with R.
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characterized in more detail at 30 °C, where the PIC-DNA polymers do not gelate without 
the addition of cross-linker DNA. First, the kinetics of gel formation was determined by 
following the time evolution of the storage modulus (G') after the addition of cross-linker 
DNA C to a pre-mixed solution of PIC-DNA A and PIC-DNA B. All four polymers formed DNA 
cross-linked gels within seconds, as demonstrated by a rapid increase of G'. The storage 
modulus levels off to plateau modulus G0 over a period of 1 hour (Figure 2.2a). G0 scales 
with polymer length L as G0 | L2.3 (Figure 2.2a). This is in perfect agreement with theoretical 
predictions for hydrogels derived from semi-ﬂexible biopolymers [23] and compares to 
values reported for non-functionalized PIC hydrogels [17, 18]. These results suggest that 
the DNA cross-linked hydrogel at 30 °C possesses similar mechanical properties as the 
original hydrophobically bundled PIC hydrogel formed above 50 °C.   
2.3.3 | Effect of DNA cross-linker concentration
The mechanical properties of semi-ﬂexible polymer networks do not only depend 
on polymer length, but also on the density of cross-links. Using the P4 hydrogel, we, 
therefore, probed the inﬂuence of the DNA C concentration on gel stiffness. An optimal 
response, as expressed in the highest G0 value,  was obtained at 0.9 equivalents of cross-
linker DNA C with respect to the DNA concentration (50 µM) on the PIC-DNA A and PIC-
DNA B polymers (Figure 2.2b). As expected, an excess (1.2 eq.) of DNA C led to a lower gel 
stiffness due to saturation of the A and B binding sites. Importantly, stable DNA cross-
linked hydrogels were already formed at DNA cross-linker concentrations as low as 5 
μM. This is much lower than observed for other synthetic DNA cross-linked hydrogels, 
which generally require DNA concentrations above 1 mM to maintain a well-deﬁned gel 
state [8, 9, 24-26]. G0 scales with the cross-linker DNA concentration (deﬁned as the ratio 
R: DNA C/DNA A or  DNA B)  as G0 | Rn with n = 1.4 for P4  (Figure 2.2b). Additionally, G0 
scales with the polymer concentration (cp) as G0 | cpn with n = 2.3 for P3 and 2.1 for P4 
at constant R (0.9) (Figure 2.2c). These observations are fully consistent with theoretical 
predictions (G0 | cp11/5) [27, 28] and experimental observations of bundle formation in cross-
linked semi-ﬂexible biopolymer networks. For example, in fascin-directed self-assembly 
of the cytoskeletal protein actin G0 scales with the actin polymer and fascin cross-linker 
concentrations with n ~ 1.5 and ~ 2.4 [29, 30], respectively. For the assembly of intermediate 
ﬁlaments, G0 | cp2-2.5 was observed [31]. 
2.3.4 | Non-linear characterisation 
The DNA cross-linked PIC hydrogels exhibit the same mechanical response as the 
original PIC hydrogel and typical protein-based networks in the linear rheological 
regime. As mentioned before, the key fundamental property of semi-ﬂexible biopolymer 
networks is their stress-stiffening behavior. It was, therefore, our next goal to establish 
if this similarity also extended to the nonlinear regime. Accordingly, the mechanical 
behavior of the DNA cross-linked P4 gel (at 0.9 eq. DNA C) was studied in the non-
linear regime, using a previously described pre-stress protocol at 30 °C [17]. The gel 
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was subjected to a constant increasing pre-stress (T) with a small oscillatory stress 
(ET) superposed upon it. The resultant oscillatory strain (EH) was recorded to extract 
the differential modulus Kv (= bm/ba) at a speciﬁc frequency (1 Hz) for each value of T. To 
validate the suitability of this measurement, we ﬁrst experimentally veriﬁed using low-
frequency rheological measurements that the cross-linked P4 gel did not relax on a time 
scale 10 times the measurement time, even in very soft regimes (Supporting Information, 
Figure A.2.6). Plotting K′ as a function of applied stress for different concentrations 
of cross-linker DNA, clearly showed a linear regime at low m and a non-linear regime at 
higher T for all tested concentrations (Figure 2.2d). G0 showed a G0 |TC1.5 dependence 
(Figure A.2.7), which is again in perfect agreement with theory as well as experimental 
observations for intermediate ﬁlament gels [31]. The critical stress mC scaled linearly with 
the cross-linker concentration (Figure 2.2d) even at very low-stress values of 0.5 - 4 Pa. 
These results establish that this new class of DNA cross-linked PIC hydrogels perfectly 
mimics the mechanical properties of semi-ﬂexible biopolymer networks. Our newly 
developed hybrid material shows a biomimetic mechanical response in the biologically 
relevant stress range, spanning across both the linear and non-linear regime. The scaling 
response of G0 and TC towards DNA cross-linker concentration makes this an effective 
parameter to tune the mechanical properties of this new biomimetic hydrogel.    
2.3.5 | Understanding the hydrogel formation
To better deﬁne the contribution of cross-link stability to gel formation and to understand 
the interplay between DNA-cross-linked hydrogels and hydrophobically-cross-linked 
PIC hydrogels, we next examined the rheology temperature proﬁles of the P4 DNA-cross-
linked hydrogel in more detail. At high DNA C ratios (> 0.3 eq. DNA C), ﬁrst a slight increase 
followed by a decrease in G’ is observed upon raising the temperature (Figure 2.3a). 
The increase originates from the onset of PIC gelation as the same trend is observed in 
the absence of DNA C or at very low DNA C ratios (0.1 eq.). Simultaneously, the storage 
to loss modulus ratio G’/G’’ starts to decrease, however. It is lowest at the melting 
temperature of the DNA tripartite complex (45 °C, Supporting Information, Figure 
A.2.8), indicating a transformation from gel to viscous material upon DNA dissociation. 
When the temperature is further increased, the G’/G’’ ratio starts to increase again and 
eventually follows the trend observed for the non-cross-linked PIC polymer. Apparently, 
the hydrophobic bundling of the tetra(ethylene glycol) tails of the PIC polymers starts to 
dominate at temperatures above the DNA melting temperature, causing the material to 
adopt the mechanical properties of a normal PIC hydrogel (Figure 2.3a, Figure A.2.9).
The observed temperature proﬁle suggests an additive effect of DNA- and 
hydrophobically-induced gelation of PIC hydrogels. Upon heating, the material 
undergoes a transition from a DNA-cross-linked hydrogel to a PIC-bundled hydrogel. If 
this hypothesis is correct, it should be possible to control the temperature-dependent 
mechanical properties of the hydrogel using DNA cross-links of different thermodynamic 
stability. Indeed, the downward transition attributed to DNA melting was shifted to lower 
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temperatures when using a DNA cross-link containing a single mismatch (DNA M, Table 
A.2.1). The observed 8 °C shift is in accordance with the 8 °C lower melting temperature 
of the DNA duplex (Figure A.2.10). To obtain further proof that our hypothesis is correct, 
we introduced a DNA linker with the highest possible stability by introducing a covalent 
DNA cross-link. This covalent cross-link was obtained by enzymatic splint-ligation of 
the DNA ABC nicked duplex. In this case a gradual increase in G’ was observed (Figure 
A.2.11), clearly showing the additive effect of DNA and hydrophobic cross-links. These 
observations are consistent with a model of gel formation as depicted in Figure 2.3b. 
Addition of DNA C to PIC-DNA A and PIC-DNA B at temperatures below the DNA melting 
and PIC gelation temperatures initially zips single polymer chains together to form a 
partially bundled network. A zipping mechanism instead of a random intermolecular 
interaction can be expected. The distance between adjacent DNA molecules on the 
polymers is only ~6 nm. In contrast, the average cross-distance between polymers as 
estimated from the total polymer length per volume unit (0.21 x 1015 m-2 at 1.8 mg mL-1 PIC) 
is ~52 nm. After linking, the cross-linker length of ~17 nm brings the PIC polymers closer 
together, which can promote PIC bundling. Upon raising the temperature, the DNA cross-
links are disrupted at the DNA melting temperature, thereby allowing the partially bundled 
network to evolve into a bundled network dominated by hydrophobic interactions. This is 
conﬁrmed by the temperature dependence of TC and the independence of TC from the 
DNA cross-linker ratio at 60 °C (Figure A.2.9). This simple model predicts hysteresis for 
the ﬁrst heating-cooling cycle. If a DNA-functionalized PIC bundled network is cooled 
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down, cross-linker C can anneal to already bundled PIC polymers thereby stabilizing the 
existing structure. Indeed, cooling the network back to 30 o C shows a different proﬁle 
resulting in a higher G’ when compared to the original DNA cross-linked gel. This clearly 
suggests a higher order of the re-assembled DNA hydrogel. This effect of pre-bundling 
remains identical with subsequent heating-cooling cycles (Figure 2.3b, Figure A.2.12). 
2.3.6 | Dynamic tuning
Modulating the mechanical properties of hydrogels in a user-deﬁned dynamic way 
is of critical importance in a variety of materials science applications [12, 32]. In order 
to demonstrate dynamic control over the DNA cross-linked P4 gel, we ﬁrst prepared 
a soft gel (G0 ~10 Pa) by adding 0.3 equivalents of the cross-linker DNA C (Figure 2.4a). 
Within 1 hour after adding a higher amount (0.3 or 0.6 eq.) of  DNA C the preformed gel 
was converted into a stiffer gel with G0 ~25 Pa and ~31 Pa, respectively, while TC remained 
similar (Figure 2.4a,b and A.2.13a,b). Conversely, softer gels could be generated from 
stiffer hydrogels using toehold-mediated strand displacement (Figure A.2.14). Using 
this approach, an incoming DNA strand ﬁrst binds to a short stretch of single-stranded 
nucleotides (the toehold) next to a double-stranded duplex. Toehold binding is followed 
by the displacement of one or more pre-hybridized strands in the original duplex through 
branch migration. DNA cross-linker C was extended with a 10 nucleotide toehold 
sequence to yield DNA C’ (Table 2.1).
Figure 2.4 | Tunable control of PIC-DNA hydrogels. A) Changes in G0 and TC after adding 0.6 
equivalents of DNA C to a pre-formed DNA-P4 gel cross-linked with 0.3 equivalents of DNA C 
(PBS, 10 mM MgCl2, pH 7.4, 30 °C). B) Changes in G0 and TC after adding 0.6 equivalents of DNA 
D to a pre-formed gel cross-linked with 0.9 equivalents of toehold cross-linker DNA C’ (PBS, 10 
mM MgCl2, pH 7.4, 30 °C). C,D) Changes in G0 (c) and TC  after adding 0.6 equivalents of DNA D to 
a preformed gel cross-linked with 0.9 equivalents of toehold cross-linker DNA C′ (PBS, 10 × 10–3 
m MgCl2, pH 7.4, 30 °.
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This sequence was used to prepare a hydrogel at 0.9 equivalents of DNA C’. The DNA C’ 
hydrogel showed the same mechanical properties as the original DNA cross-linked gel 
(Figure A.2.15). Strand displacement was initiated by adding the complement of C’, DNA D 
(Table 2.1) at 0.3 or 0.6 equivalents to this pre-formed gel. The network dissolved rapidly 
into a softer gel with a marked decrease in G0 as well as TC (Figure 2.4c,d and A.2.13c,d). 
Together, these results clearly demonstrate that the DNA cross-linked PIC hydrogel can be 
turned into a stiffer or softer network in a user-deﬁned fashion, allowing for unprecedented 
control over the gel mechanical properties. Interestingly, the combination of cross-linker 
concentration, toehold strategy and temperature dependence opens up the possibility 
for designing oscillating gel networks with dual input.   
Table 2.2 | Summary of mechanical properties*
Polymer length (L) 
dependence§
Polymer concentration (cp) 
dependence #
Cross-linker ratio (R) 
dependence¶
Polymer L (nm) G0
(Pa)
cp 
(mg mL-1)
G0 
(P3)
G0 (P4) R G0
(Pa)
mC
(Pa)
P1 133 7.15 0.6 4.5 6.65 0.1 2.6 0.5
P2 218 34.04 0.9 10.77 14.37 0.3 12.5 0.9
P3 296 50.62 1.2 15.14 17.09 0.6 34.6 2.5
P4 335 57.19 1.5 38.15 48.91 0.9 57.19 3.3
1.8 50.62 57.19
Parameter 
dependence
G0 | 
L2.3
G0 | 
cp2.4
G0 | cp2.1 G0 | 
R1.4
mC | 
R0.8
* Measured at 30 °C.
§ Measured at 1.8 mg mL-1 polymer and R = 0.9 DNA cross-linker ratio.
# Measured at R = 0.9 DNA cross-linker ratio.
¶ Measured for P4 at 1.8 mg mL-1 polymer.
2.4 | Conclusion
In summary, we have designed a novel DNA-responsive hydrogel system composed of 
DNA cross-linked PIC polymers. This hydrogel forms at micromolar concentrations 
of the DNA cross-linker and exhibits striking similarity with bundled networks formed 
from semi-ﬂexible biological ﬁlaments. Our thorough rheological analysis does not only 
show that this hydrogel does stress-stiffen, but also that its mechanical response can 
be tuned by changing a number of variables such as polymer length and concentration. 
Most importantly, the easily accessible cross-linker ratio allows for controlling the gel 
stiffness as expressed in G0 and TC. Furthermore, the bidirectional dynamic behaviour of 
the material is demonstrated by facile and rapid tuning of the gel stiffness by exogenous 
DNA delivery. Although relatively simple ssDNA sequences were selected as model 
systems to form the DNA cross-links in this study, more complicated sequences with 
additional functionalities can also be applied to this hydrogel system, such as the pH-
responsive i-motifs [34], endonuclease restriction sites or aptamers speciﬁc for an analyte 
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or protein [35]. The material developed in this work should potentially allow for the design 
and synthesis of stimuli-responsive biomimetic scaffolds. Their controlled mechanical 
properties in physiologically relevant environments will allow for a large number of 
potential applications in 3D cell culture, tissue engineering, drug delivery and diagnostics. 
2.5 | Experimental Section
2.5.1 | Polymer synthesis
2.5.1.1 | Synthesis of azide-functionalized polyisocyanopeptides (P1-P4)
The azide-functionalized, water-soluble polyisocyanopeptide polymers (PIC) and the 
corresponding isocyanopeptide monomers were synthesized as described [20]. For all 
polymers, the ratio between the non-functional methoxy (OMe) and the functional azide 
(N3) monomers was 30:1. After mixing the two monomers in freshly distilled toluene, the 
Ni(ClO4)2•6H2O catalyst (dissolved in 9/1 toluene/ethanol) was added. The mixture was 
stirred for 2-3 days before it was precipitated 3x in di-isopropyl ether. A different molar 
ratio of catalyst over monomer was used to control the length of the polymers. Catalyst/
monomer ratios of 1/1000 (P1), 1/2000 (P2), 1/5000 (P3) and 1/10000 (P4) were used to 
obtain polymers spanning a range from 125-350 nm.
2.5.1.2 | Polymer characterization
The polymer length was determined using atomic force microscopy (AFM). The polymers 
(1 µg mL-1) were drop-casted from water on freshly cleaved mica and incubated for 10 
minutes. The remaining liquid was removed, and the sample was dried in a stream of 
N2. AFM images were recorded in tapping mode in air using Nanoscope IV or Dimension 
3100 instruments (Bruker) and NSG-10 cantilevers (NT-MDT). The polymer length was 
determined manually using the program ImageJ [36] (Figure A.2.2 and A.2.3).
2.5.2 | Synthesis of DNA cross-linked hydrogels
2.5.2.1 | Functionalization of DNA with DBCO-PEG4-NHS
DNA oligonucleotides (Table 1) were obtained from Integrated DNA Technologies either in 
HPLC-puriﬁed or desalted-only grades. Desalted-only DNA was puriﬁed further in-house 
using preparative denaturing polyacrylamide gel electrophoresis (PAGE; 20%) [37]. The 
DNA was eluted from the gel, concentrated using an ion exchange column (Resource Q 
1, ml column, ÅKTA FPLC; GE Healthcare) and desalted by ethanol precipitation. To equip 
the DNA with the strained alkyne azadibenzylcyclooctyne (DBCO), the NH2-modiﬁed DNA 
was reacted with the heterobifunctional reagent DBCO-PEG4-NHS (Jena Bioscience). For 
a typical experiment, a solution of 500 µM NH2-modiﬁed DNA and 1.25 mM DBCO-PEG4-NHS 
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was prepared in 50 mM borate buffer pH 8.5 and incubated at 25 °C for 2 hours. The product 
was subsequently puriﬁed using Illustra Microspin G-25 columns (GE Healthcare). The ﬁnal 
yield of DNA was determined from an absorption measurement at 260 nm on a Nanodrop 
ﬁbre-optic spectrophotometer (ND-1000, Thermo Scientiﬁc). To conﬁrm the presence of 
DBCO on the DNA molecule, a small amount of the product was reacted with the ﬂuorogenic 
dye 3-azido-7-hydroxycoumarin (Jena Bioscience), which shows an increase in ﬂuorescence 
upon clicking to DBCO. After incubating the DNA with a 10-fold excess of dye, the DNA was 
puriﬁed by ethanol precipitation and analyzed using denaturing 20% PAGE (Figure A.2.1c).
2.5.2.2 | Synthesis of the DNA-functionalized PIC polymer
Stock solutions of the PIC polymers P1-P4 were prepared by dissolving 5 mg mL-1 of PIC 
polymer (corresponding to 13.9 mM monomer concentration) containing statistically 1/30 
azide-functionalized monomer (0.46 mM) in Milli-Q water. DBCO-functionalized DNA A or 
DNA B was mixed with the azide-functionalized PIC polymer in a 1:50 ratio (125 µM DNA: 
6.25 mM PIC monomer) in phosphate buffered saline (PBS, pH 7.4) and incubated at 25 °C 
for 12 hours. The yield of this conjugation reaction was determined based on the amount of 
non-conjugated DNA molecules, containing unreacted DBCO. The concentration of DBCO 
in the reaction mixture was quantiﬁed using 3-azido-7-hydroxycoumarin. The ﬂuorescence 
intensity of coumarin was measured using a Tecan Inﬁnite 200 microplate reader and 
related to a calibration curve of clicked product (Figure A.2.1b). As the yield of the reaction 
was ~90 % (Figure A.2.1c), the polymer conjugate was used without further puriﬁcation.
2.5.2.3 | Hydrogel formation
PIC-DNA A and PIC-DNA B conjugates were mixed at 4 °C in PBS, 10 mM MgCl2, pH 7.4. To 
induce gel formation, complementary DNA C or C’ was added at deﬁned ratios.
2.5.2.4 | Enzymatic ligation of DNA-functionalized PICs
5’-Phosphorylated DNA B was conjugated to the PIC polymer using the procedure 
described above. DNA C was used as a splint to ligate DNA A and 5’-PO4-DNA B coupled to 
the PIC polymers. The reaction was performed at 30 °C (PBS, 10 mM MgCl2) using T4 DNA 
ligase (Thermo Fisher Scientiﬁc). Before performing an enzymatic ligation with polymer 
conjugated DNA, the reaction was ﬁrst evaluated under identical conditions using non-
conjugated DNA and conﬁrmed with denaturing 20% PAGE (Figure A.2.11).
2.5.3 | Hydrogel characterization
2.5.3.1 | Rheology
The total polymer concentration was kept constant at 1.8 mg mL-1 corresponding to 50 µM 
of the respective DNA linkers for all experiments. Time-sweep oscillatory rheology 
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measurements were carried out with a stress-controlled rheometer (Discovery HR-1, TA 
Instruments). A parallel plate geometry (40mm diameter; aluminium) was used with a gap 
of 200μm. All measurements were performed in a temperature-controlled environment 
and an oil sealing was used to minimize sample evaporation. Linear rheology experiments 
were performed at a ﬁxed frequency (1 Hz) and strain (2%). For the variable temperature 
rheology experiments, the temperature was ramped at 1 °C min-1.
The non-linear regime (critical stress, Tc) was investigated using a previously described 
pre-stress protocol. The gel sample (kept at 30 °C) was subjected to a constant pre-stress 
with a small oscillatory stress (ET) superposed upon it. The resultant oscillatory strain 
(EH) was recorded in a frequency sweep experiment (0.1-10.0 Hz). The measurement was 
repeated for increasing values of applied pre-stress (m) to extract the differential modulus 
K’ (ET/EH) at a speciﬁc frequency (1 Hz) at each value of T. Tc is deﬁned as the stress at 
which the ratio between the stress m and the strain H is not a constant but increases with 
increasing stress (or strain). The onset of the non-linear region was deﬁned as the stress 
regime where m increased by at least 10 % over its original value.
For the experiments where the mechanical properties of the hydrogel were varied by 
the step-wise addition of new DNA, gels with a pre-deﬁned cross-linker DNA C or DNA C’ 
(including the 10 nucleotide toehold) concentration were pre-formed on the rheometer. 
Subsequently, additional aliquots of cross-linker DNA C or complementary DNA D were 
added. The time evolution of G’ was then followed on the rheometer as described above.
2.5.3.2 | Cryo-SEM of DNA cross-linked hydrogels 
Cryo-scanning electron microscopy (cryo-SEM) was performed on a JEOL 6330 cryo-
scanning electron microscope. All samples were loaded onto suitable stub holders with a 
20 μL micropipette ﬁtted with sterile tips. Samples were cryo-ﬁxed by plunging them into 
sub-cooled nitrogen (nitrogen slush) close to the freezing point of nitrogen at -210 °C. 
The samples were then transferred in vacuo to the cold stage of the SEM cryo-preparation 
chamber. Images were acquired using an electron beam of 7–22 kV.
2.5.4 | Melting temperature determination of the different DNA sequences
The melting temperature (Tm) of the DNA duplexes used was determined from UV 
absorption measurements at 260 nm. Temperature-ramping experiments were carried 
out from 10 °C to 90 °C at a rate of 1 °C min-1 using a Cary 300 Bio UV-VIS spectrometer 
(Varian) equipped with a temperature controller. The Tm was calculated from the ﬁrst 
derivative of the melting curve [38].
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2.6 | Appendix
 
 
Figure A.2.1 |  Experiments to conﬁrm conjugation of DBCO to DNA. A) PAGE analysis (20 %) of 
the DBCO-functionalized DNA after reaction with the ﬂuorescent azide-atto-647.  The left lane 
shows the DBCO-DNA A conjugate stained with Stains-All. The right lane shows the ﬂuorescent 
signal of the DBCO-DNA A labelled with Atto-647. B,C) 3-azido-7-hydroxy-coumarin dye assay 
used to quantify the concentration of free DBCO-functionalized DNA before and after reaction 
with the azide-functionalized PIC polymer. A calibration curve was ﬁrst established to correlate 
the ﬂuorescence intensity to the amount of clicked product (b). Comparing the amount of free 
DBCO before and after incubation with the polymer (12 hours) reveals a high reaction efficiency 
of ~90 % (c). 
A
B
C
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 46
CHAPTER 2
46
Figure A.2.2 |  AFM images showing the PIC polymers P1-P4.
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Figure A.2.3 | Polymer lengths obtained from the AFM images. A) The mean length of P1 was 133 
nm (n = 277), B) the mean length of P2 was 218 nm (n = 203), C) the mean length of P3 was 296 nm 
(n = 296) and D) the mean length of P4 (n = 209) was 335 nm.
 
 
Table A.2.1. Summary of polymer length and molecular weight.
Apparent Lengthl (nm) Molecular Weight Mw (kg/mol)
P1 133 456
P2 218 747
P3 296 1014
P4 335 1148
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Figure A.2.4 | Temperature-induced gel formation. A) G’ as a function of the temperature of a 
mixture for PIC4-DNA A and PIC4-DNA B in the absence of cross-linker DNA C (PBS, 10 mM MgCl2, 
pH 7.4, 1.8 mg mL-1 polymer). The sample shows a sol-to-gel transition above 40 °C indicating 
that gelation is a result of the hydrophobic interaction between the tetra(ethylene glycol) side 
chains. B) Comparison of the gelation behavior of the non-functionalized P1 polymer and the 
DNA cross-linked P1 polymer (0.9 eq. DNA C; PBS, 10 mM MgCl2, pH 7.4; 1.8 mg mL-1 polymer). 
The two samples show very different proﬁles. At 30 °C, a stable hydrogel is only formed in the 
case of the DNA cross-linked P1 polymer.
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Figure A.2.5 | Cryo-scanning electron micrographs of freeze-dried DNA cross-linked P4 
hydrogels at different cross-linker concentrations: A) 0.1 eq. DNA C and B) 0.9 eq. DNA C. The 
scale bar is 1 μm.
                     
Figure A.2.6 | Frequency-dependent rheology of DNA cross-linked hydrogels using either 0.1 
eq. A) or 0.9 eq. B) of DNA C. The hydrogels, made from polymer P4, were stable and did not 
relax as demonstrated by measuring G’ and G’’ over a range of frequencies (10-3 to 10 Hz). All 
measurements were performed at 30 °C (PBS, 10 mM MgCl2, pH 7.4; 1.8 mg mL-1 polymer).
10-3 10-2 10-1 100 101
10-1
100
101
102
G' G"
M
od
ul
i,
G
',
G
"(
Pa
)
Frequency (Hz)
10-3 10-2 10-1 100 101
10-1
100
101
102
G' G"
M
od
ul
i,
G
',
G
"(
Pa
)
Frequency (Hz)
A
A B
B
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 50
CHAPTER 2
50
 
Figure A.2.7 | The relationship between G0 and TC obtained from a series of measurements 
determined at different concentrations of cross-linker DNA C. The polymer concentration (P4) 
was constant at 1.8 mg mL-1. The exponent of 1.45 was obtained from a power law ﬁt.
 
Figure A.2.8 | The melting curve of the non-conjugated DNA ABC complex in PBS, 10 mM MgCl2, 
pH 7.4. Curve ﬁtting and ﬁrst derivative analysis yield a Tm of 44.7 ± 1 °C.
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Figure A.2.9 | Non-linear rheology of the DNA cross-linked P4 hydrogel. Differential modulus 
K’ A) and critical stress TC B) showing similar non-linear behavior for all samples at 60 °C. At 
60 °C TC is independent of the DNA cross-link ratio. C) Critical stress measured at a range of 
temperatures from 30 °C to 60 °C, showing the transition from a DNA cross-linked hydrogel to 
a PIC-bundled hydrogel.
 
Figure A.2.10 | Temperature-dependent hydrogel formation using a DNA cross-linker with a 
single mismatch. A) The melting curve of the non-conjugated DNA ABM complex (PBS, 10 mM 
MgCl2, pH 7.4). The Tm was determined to be 36.2 °C. B) G’ and G’’ as a function of temperature 
for the DNA M cross-linked P4 hydrogel. The G’ and G” temperature proﬁles are shifted with 
respect to the DNA C cross-linked hydrogel due to the less stable DNA ABM cross-links (PBS, 10 
mM MgCl2, pH 7.4; 1.8 mg mL-1 polymer).
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Figure A.2.11 | Hydrogel formation following ligation of DNA A and B. A) Analysis of the non-
conjugated ABC splint ligation product on 20 % denaturing PAGE. Lane I: DNA A; Lane II: DNA B; 
Lane III: DNA C; Lane IV: Ligated DNA A and B. B) G’ and G’’ as a function of temperature for the 
covalently cross-linked (i.e. ligated) P4 hydrogel (PBS, 10 mM MgCl2, pH 7.4, 30 °C; 1.8 mg mL-1 
polymer).
Figure A.2.12 | Series of temperature scans for one DNA cross-linked hydrogel sample (P4-
DNA A and P4-DNA B cross-linked with 0.9 eq. of DNA C; 1.8 mg mL-1 polymer). The sample was 
subjected to 3 consecutive cycles of heating (30 °C to 60 °C) and cooling (60 °C to 30 °C).
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Figure A.2.13 | Tunable control of DNA-PIC hydrogels. A,B) Changes in G0 (a) and TC (b) when 
increasing the concentration of DNA C from 0.3 eq. to 0.6 eq. (1.8 mg mL-1 polymer). c,d) 
Changes in G0 C) and mC D) following toehold-initiated strand displacement (addition of 0.3 eq. 
of complementary DNA D to a P4 gel cross-linked with 0.9 eq. of DNA C’; 1.8 mg mL-1 polymer).
 
Figure A.2.14 | Toehold strategy. A DNA hydrogel is formed with cross-linker DNA C’ containing 
a 10 nucleotide toehold at the 5’-end. Complementary DNA D binds the toehold sequence, 
initiating displacement of the DNA A and DNA B sequences by branch migration.
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Figure A.2.15 | Control experiment to compare the properties of DNA C and toehold DNA C’ 
cross-linked P4 hydrogels. The measured G’ values demonstrate a similar stiffness of both 
hydrogels over the frequency range tested (PBS, 10 mM MgCl2, pH 7.4, 30 °C; 0.9 eq. DNA C or 
DNA C’; 1.8 mg mL-1 polymer).
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3.1 | Abstract
One of the most intriguing and important aspects of biological supramolecular materials 
is its ability to adapt macroscopic properties in response to environmental cues for 
controlling cellular processes. Recently, bulk matrix stiffness, in particular, stress 
sensitivity, has been established as a key mechanical cue in cellular function and 
development. However, stress-stiffening capacity and the ability to control and exploit 
this key characteristic is relatively new to the ﬁeld of biomimetic materials. In this work, 
DNA-responsive hydrogels, composed of semiﬂexible PIC polymers equipped with DNA 
cross-linkers, were engineered to create mimics of natural biopolymer networks that 
capture these essential elastic properties and can be controlled by external stimuli. We 
show that the elastic properties are governed by the molecular structure of the cross-
linker, which can be readily varied providing access to a broad range of highly tunable 
soft hydrogels with diverse stress-stiffening regimes. By using cross-linkers based on 
DNA nanoswitches, responsive to pH or ligands, internal control elements of mechanical 
properties are implemented that allow for dynamic control of elastic properties with high 
speciﬁcity. The work broadens the current knowledge necessary for the development of 
user-deﬁned biomimetic materials with stress stiffening capacity.
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3.2 | Introduction
Nature has developed sophisticated biological materials that are highly sensitive to 
various chemical and physical cues for tuning biological processes [1-3]. One such 
material is the extra-cellular matrix (ECM), the three-dimensional (3D) polymeric 
hydrogel network that surrounds cells and translates environmental cues to intracellular 
biochemical processes. Because the mechanical properties of the ECM are highly 
correlated with cellular development, behavior and disease, the development of artiﬁcial 
hydrogels that mimic the ECM and its associated mechanical properties have attracted 
considerable recent interest [4-6]. Hydrogels composed of synthetic polymers are often 
preferred over hydrogels, reconstituted from natural sources due to their controllable 
and reproducible chemical and physical properties [7-11]. However, in contrast to natural 
hydrogels, synthetic hydrogels lack one unique important property: the ability to stress 
stiffen, i.e., to become stiffer when deformed. This nonlinear behavior prevents large 
deformations, protects cells from rupture at high stress and is thought to play a major 
role in cell differentiation and migration [12]. For migration, spreading and differentiation, 
cells directly interact with the ECM by pulling and pushing on it, which besides nonlinear 
elastics also calls for continuous adaptation of the matrix topology mediated by the 
sensitive interplay between different types of cross-linkers, in which the onset of stress 
stiffening plays a major role as well [13-18]. We recently developed a synthetic hydrogel, 
composed of networks of bundled polyisocyanopeptide (PIC) polymers functionalized 
with oligo(ethylene glycol) tails that stress-stiffens in the same biological relevant 
regime as natural biopolymer networks [19-21]. Using these biomimetic hydrogels we 
were able to show that not only the stress-stiffening capacity but also the onset of stress 
stiffening is important for controlling stem cell fate in 3D biomimetic scaffolds. To extend 
the versatility and controllability of this synthetic hydrogel material we incorporated 
functional DNA elements to develop a DNA-responsive hydrogel with tunable stiffness 
by conjugating short oligonucleotides that can be cross-linked using bridging DNA 
oligonucleotides [22]. The DNA-cross-linked PIC hydrogel network forms a stable 
biomimetic hydrogel with mechanical properties similar to the PIC and natural hydrogels, 
including the stress-stiffening capacity. 
Typically, a hydrogel with biologically relevant stiffness is composed of either bundled 
semi-ﬂexible polymer networks (e.g., collagen, ﬁbrin, PIC) or densely cross-linked ﬂexible 
polymers (e.g., polyethylene glycol, hyaluronic acid). The PIC polymers in the DNA-
responsive PIC hydrogels do not form tight bundles; therefore, stress stiffening of the 
DNA-PIC hydrogels appears to result from a combination of the elastic properties and 
semi-ﬂexibility of both the PIC polymers and DNA cross-linkers. In this work, we further 
investigate the inﬂuence of cross-linker ﬂexibility with the aim to capture the interplay 
between the polymer and cross-linker stiffness and expand our DNA-functionalized PIC 
hydrogel toolbox with dynamic functionalities that are responsive to pH or ligand binding 
and act as internal control elements. We engineered DNA cross-linked PIC hydrogels with 
DNA cross-linkers of different length and stiffness and incorporated DNA nanoswitches 
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that can be controlled by pH or ligand binding to selectively tune the hydrogel stiffness 
and particularly the onset of stress stiffening. The functional modules of the DNA 
nanoswitches are based on the contraction and relaxation of a pH-responsive DNA i-motif 
[23, 24] and triple helix [25-28] and a ligand-responsive thrombin aptamer [29] that act as 
molecular switches between tight and relaxed states of the cross-linker. We demonstrate 
that the molecular structure and ﬂexibility of the DNA cross-linker is critically important 
for the elastic properties and stress-stiffening proﬁle. Thus, the DNA-responsive hydrogel 
serves as a platform for the design of biomimetic soft hydrogels with controllable elastic 
properties, which can be readily tuned by proper choice of the DNA cross-linker and 
interacting agent. 
3.3  | Results and Discussion
3.3.1 | Effect of cross-linker ﬂexibility
We prepared the DNA-functionalized PIC hydrogels using a previously published protocol 
(Figure 3.1) [22]. Brieﬂy, azide functionalized tetraethylene glycol PIC polymers are used 
to conjugate two different single-stranded DNAs (ssDNA A and ssDNA B) that can be 
cross-linked using different complementary ssDNAs (Table 3.1). The DNA density on the 
PIC polymers is tuned by the initial azide and DNA concentrations. Using a 1:30 azide-
appended monomer to non-azide-appended monomer ratio, the average distance of 
the azide groups on the PIC polymers is 3.5 nm and using an efficiency of ~90% azide-
DBCO coupling (Figure A.3.1) the statistical average distance between the ssDNAs 
becomes 6 nm. The average length of the synthesized PIC polymers was 335 nm with thus 
approximately 50 ssDNA molecules conjugated to a single PIC polymer. 
The thermoresponsive PIC polymer forms hydrogels by hydrophobic interaction of the 
tetra-ethylene glycol moieties with a lower critical solution temperature (LCST) of 37 °C 
in PBS [19, 20]. DNA-cross-linked PIC hydrogels are therefore prepared by mixing PIC-DNA 
A and PIC-DNA B with stoichiometric amounts of complementary DNA below the LCST of 
PIC. Mixing in DNA C generates a 22-base pair (bp) double-stranded (ds) DNA cross-link 
leaving 6 single-stranded (ss) nucleotides on either end. The rheological analysis shows 
that at 30 ºC the hydrogel forms within one hour (Figure 3.2a) and remains stable as shown 
by a broad range frequency sweep (Figure A.3.2) [22]. The gel stiffness of the hydrogel is 
measured using a well-established pre-stress protocol where the hydrogel is subjected 
to a small oscillatory stress (ET), resulting in a small oscillatory strain (EH) at a constant 
pre-stress (T). The gel stiffness, described by the differential modulus K’ = ET/EH shows a 
linear regime at low T where the stiffness is constant and K’ equals the plateau modulus 
G0 = 55 Pa (Figure 3.2b, Table 3.2). Stress stiffening results in a nonlinear regime at higher 
stress, setting in at a critical stress Tc = 3.1 Pa, which is a measure of the sensitivity to 
applied stress. 
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Figure 3.1 | Preparation of DNA responsive PIC hydrogels. The azide functionalized PIC polymer 
is conjugated with ssDNA using DBCO and strain-promoted click chemistry. Two separate 
batches of PIC polymers conjugated with DNA A or PIC-DNA B are mixed together with 
complementary cross-linker DNAs to form the hydrogel.
The hydrogel can withstand a shear stress Tmax up to 30 Pa beyond which the hydrogel 
network breaks down. The stiffening index m of the non-linear regime, which is a measure 
of the response to applied stress, is 0.8 (K’ ~ T0.8). This stiffening index is lower than the 
value reported and theoretically predicted for the bundled PIC hydrogels and biological 
semi-ﬂexible bundled networks (m = 3/2, F-actin, intermediate ﬁlaments), but falls in the 
range of collagen and ﬁbrin networks and F-actin cross-linked with weak cross-linkers 
[30]. The lower stiffening index can be explained by the extensibility of the DNA-cross-
linked hydrogel in which many PIC polymers interact through bridging DNA cross-links 
and indicates interplay between elastic properties of the PIC polymers and shorter 
dsDNA cross-links, which both resist strain in the coupled network.
To further probe the effect of DNA cross-links with different length and ﬂexibility, a 
hydrogel was prepared using cross-linker DNA LC that hybridizes with PIC-DNA A and 
PIC–DNA B using the same base pair interactions as cross-linker DNA C but contains an 
additional 25 nt ssDNA in-between. With near stoichiometric amounts of cross-linker 
LC the hydrogel shows a somewhat lower stiffness, G0 = 35 Pa (Figure 3.2b). The onset of 
stiffening is, however, much lower (Tc = 0.6 Pa), indicating higher sensitivity to stress. Also, 
the stiffness proﬁle is markedly different, showing multiple stress regimes (Figure 3.2c). 
Starting with the common linear regime, the stiffness initially rises at the critical stress 
but is followed by a second linear regime, and ﬁnally ends in a second stiffening regime 
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setting in at ~1.5 Pa. This complex behavior can be explained by the different entropic 
elasticities of the ssDNA and dsDNA domains in the cross-linker that contribute to the 
total elasticity of the network as they are extended under applied stress. Introducing 
a central ssDNA part with a persistence length of 1 nm provides additional softer 
extensional stiffness to the PIC polymers and dsDNA linkers, which have persistence 
lengths of 10 and 50 nm, respectively. 
Figure 3.2 | Rheological analysis of PIC-DNA hydrogels with 0.9 equivalents DNA cross-linker at 
30 °C in PBS, 10 × 10–3 M MgCl2, pH 7.4. A) Time evolution of the storage modulus (G’) after addition 
of cross-linker DNA C (green), LC (blue) or LC + LC’ (orange) to DNA A and DNA B functionalized 
PIC polymers. B) Strain stiffening proﬁle of the PIC-DNA hydrogel with cross-linker DNA C. The 
gel stiffness is represented as the differential modulus K’(ET/EH) as a function of stress T. At 
low stress, K’ equals G0, the plateau modulus. The nonlinear regime sets in beyond a critical 
stress TC, where K’ increases with applied stress and ﬁnally ruptures at maximum stress Tmax. 
C) Normalized differential modulus (K’/ G0) as function of stress m of PIC-DNA hydrogels cross-
linked with DNA C (blue), LC (green), or LC + LC’ (orange). D) K’/ G0 as a function of T of PIC-DNA 
hydrogels, covalently cross-linked with DNA AB (black) or DNA AB + C (orange). 
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Table 3.1 | Summary of mechanical properties.
DNA construct Rheological properties
Cross-linker 
Sequence
Contour 
Length (nm)
Go (Pa) mc (Pa) mmax (Pa)
Non-covalent cross-linker
ds-DNA C 14 45 ± 1.5 3.5 ± 0.25 40
ss-DNA LC
(pH 7.4)
26 34.5 ± 3.7 0.65 ± 0.05 18 ± 1.15
ds-DNA LC 19 40 ± 2.8 2.5 ± 0.25 22
Covalent cross-linker
ss-DNA AB 16 8 2.3 > 200
ds-DNA AB/C 14 8.5 2.4 > 200
pH-responsive i-motif 
ss-DNA LC
(pH 5.2)
16 100 ± 6 4 ± 0.5 30
pH-responsive triple helix
DNA THC
(pH 7.4)
29 7.5 ± 0.5 0.65 ± 0.05 5.5 ± 0.75
DNA THC
(pH 5.2)
5 16 ± 2.7 2 ± 0.25 5.5 ± 0.75
Thrombin responsive aptamer
DNA TB 
(without thrombin) 
23 11 0.3 3
DNA TB
(with thrombin)
16 19 1.2 3
 
Thus, we hypothesize that the ﬁrst linear regime represents entropic elasticity from 
unbending of the network, typically observed for natural hydrogel networks [13-17, 30], 
while the second linear regime represents initial entropic stretching of the soft ssDNA, 
followed by further stretching of extended DNA linkers and PIC polymers in the second 
non-linear regime. Similar proﬁles were recently observed for ﬁbrin ﬁbers, where the 
multidomain stiffening response was shown to originate from the hierarchal architecture 
of the ﬁbers [30]. Despite sharing the dsDNA binding domains A and B, hydrogels cross-
linked with DNA LC rupture at lower stress Tmax = 16 Pa, which possibly results from 
separating the two A and B double-stranded domains by the single-stranded domain. 
Using the concept of extensional stiffness mediated by DNA cross-linkers as starting 
point, it should be possible to control the stiffness of the hydrogel network by changing 
the elastic properties of the DNA cross-linker. Indeed, adding complementary ssDNA 
LC’ to the hydrogel cross-linked with LC, which results in a dsDNA linker with higher 
persistence length and elasticity, restores the single linear and non-linear regime with 
higher G0 and critical stress Tc = 2.1 Pa (Figure 3.2c). Together, these results indicate that 
the extensional stiffness of the DNA cross-linkers has a major impact on the mechanical 
properties of the DNA-PIC hydrogel, which can be controlled by changing the molecular 
structure of the cross-linkers.
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3.3.2 | Effect of covalent cross-linkers
To further investigate the inﬂuence of DNA cross-linker architecture and stiffness, 
covalent DNA cross-links were introduced. Single 34 nucleotide ssDNAs harboring 
both the DNA A and DNA B sequences in tandem (DNA AB) with both 5’ and 3’ terminal 
amino groups functionalized with DBCO were clicked onto the PIC network at 60 °C, i.e., 
above the gelation temperature of the PIC polymers [13], which allows for cross-linking of 
the polymers in the bundled state. The presence of a ssDNA cross-linked network was 
conﬁrmed by rheology measurements after cooling the hydrogel down from 60 °C to 
30 °C, showing the formation of a stable hydrogel at 30 °C (Figure A.3.3). Subjecting the 
network covalently cross-linked with ssDNA to the pre-stress protocol reveals a single 
linear regime with G0 = 8 Pa and a single non-linear regime with high response to applied 
stress (m = 1.5 - 1.7) that sets in at a critical stress Tc of 2.3 Pa (Figure 3.2d). 
 
Figure 3.3 | pH-dependent rheological analysis of PIC-DNA cross-linked with 0.9 equivalents 
DNA LC at 30 °C in PBS, 10 × 10–3 M MgCl2. A) The i-motif (green trace), incorporated in the DNA 
cross-linker LC, is in an extended state at pH 7.4 and contracts at pH 5.2, B) CD spectra to 
characterize the conformation of the i-motif sequence in the PIC-DNA hydrogel at pH 7.4 (blue) 
and pH 5.2 (green) C) Time evolution of storage modulus G’ after addition of DNA cross-linker 
LC at pH 7.4 (blue) and pH 5.2 (green). D) K’/ G0 as function of m at pH 7.4 (blue) and pH 5.2 (green).
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These values are closer to values reported for PIC polymers, indicating the dominant 
elasticity of the PIC polymers due to higher bundling. By incorporating a covalent DNA 
cross-linker, however, the hydrogel network is more resistant to stress and can withstand 
an applied stress over 200 Pa before rupture occurs. We also prepared a hydrogel with 
a dsDNA cross-linker composed of covalent linker DNA AB annealed to complementary 
ssDNA C using pre-annealed DBCO – dsDNA AB/C – DBCO. Surprisingly, annealing 
complementary DNA C to the covalent linker DNA AB has no effect on the elastic 
properties as shown by similar G0, Tc and overall curvature (Figure 3.2d). Apparently, in the 
covalently cross-linked system, a single-stranded or double-stranded character of the 
DNA cross-linker does not differentiate the mechanical properties of the hydrogel. This 
suggests that by cross-linking the PIC polymers in the bundled state, the PIC polymers 
remain bundled and dominate the elastic properties of the hydrogel. The elastic 
properties of the covalently cross-linked polymer networks are, however, different from 
the non-covalently cross-linked networks, which overall adds to the notion that the 
macroscopic elastic properties are highly sensitive to the molecular structure of the DNA 
cross-linkers. 
3.3.3 | pH controlled stress sensitivity
So far, we engineered hydrogels, using DNA cross-linkers that can be conveniently 
varied to tune the mechanical properties of the hydrogel by changing DNA structure 
and stoichiometry but harbor no further functionalities that can act as internal control 
elements. Thus, the next step in adding complexity and functionality to our hydrogel 
toolbox was to introduce DNA elements that are responsive to external stimuli other than 
complementary DNAs and switch conformation upon binding to the external stimulant. 
First, we introduced a pH-sensitive DNA cross-linker that can switch conformation by 
incorporating DNA i-motifs. DNA i-motifs are four-stranded C-rich DNA structures that 
can self-assemble by forming intercalated, cytosine–cytosine+ base pairs under acidic 
conditions (pH 5.2), which dissociate into a random coil at pH 7.4 (Figure 3.3a) [10, 23, 24]. We 
bridged PIC-DNA A and PIC-DNA B using the ssDNA i-motif sequence, DNA LC, introduced 
earlier. Formation of the pH-induced i-motif structure free in solution and incorporated 
in PIC hydrogel linkers was supported by circular dichroism (CD) measurements (Figure 
3.3b and A.3.4). At pH 5.2, the CD spectrum shows a large positive signal at 288 nm and a 
small negative signal at ~ 260 nm, which is typical for the noncanonical i-motif structure. 
At pH 7.4 the CD spectrum is shifted with a smaller positive signal at ~ 265 nm and a slightly 
smaller negative signal at ~ 250 nm, which is characteristic for a B-form DNA double helix 
in accordance with disassembly of the i-motif [31]. The mechanical properties of the 
hydrogel network with i-motif DNA cross-linkers are clearly sensitive to pH. As mentioned 
above, at pH 7.4 the cross-linked polymer network forms a stable hydrogel (G0 = 35 Pa) 
that starts to stress stiffen at low stress (Tc = 0.6 Pa), followed by multiple stress regimes. 
The hydrogel becomes stiffer by the formation of the i-motif upon changing the pH to 5.2. 
G0 increases more than twofold to 100 Pa (Figure 3.3c and A.3.5) and the critical stress is 
shifted to 3.5 Pa (Figure 3.3d). Folding of the i-motif will reduce the end-to-end distance 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 68
CHAPTER 3
68
of the internal DNA sequence to ~2 nm and thus modify the extensional stiffness of the 
cross-linker. Therefore, the change in mechanical properties can be attributed to internal 
stress generated by the contracting DNA i-motif sequence leading to a stiffer DNA cross-
linker. As observed for adding complementary sequence LC’, changing the unstructured 
central ssDNA domain of the linker into a structured entity restores the single linear and 
nonlinear stress regime. The pH effect on the mechanical properties is fully reversible; 
the hydrogel relaxes back to the weaker hydrogel upon changing the pH back to 7.4. 
Figure 3.4 | pH-dependent rheological analysis of PIC-DNA cross-linked with 0.9 equivalents of 
DNA cross-linker THC at 30 °C in PBS, 10 × 10–3 M MgCl2. A) The triple helix motif (green trace), is 
in a random extended state at pH 7.4 but forms a stable structure at pH 5.2. B) Time evolution of 
storage modulus G’ after addition of DNA cross-linker THC at pH 7.4 (blue) and pH 5.2 (green). d) 
K’/ G0 as function of T at pH 7.4 (blue) and pH 5.2 (green). 
To further demonstrate the generality and versatility of the design, a different pH-
responsive DNA cross-linker was incorporated that can contract upon lowering the pH 
using a DNA sequence that folds into a triple helix motif by protonation of cytidines at 
lower pH (Figure 3.4a). For our design, we used a sequence that can form a triple helix 
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consisting of 52% C-G-C and 48% T-A-T base triplets, and switches conformation 
between the random coil and triple helix with a pKa of 6.5 [25-28]. Formation of the DNA triple 
helix in the network is supported by temperature dependent rheological measurements, 
which reveal a shift in melting temperature from 45 °C to 52 °C upon lowering the pH 
from 7.4 to 5.2 resulting from additional thermodynamic stability from Hoogsteen 
interactions between the pyrimidine strand and major groove of the DNA double helix 
(Figure A.3.6). Similar to the cross-linker with i-motif sequence, the formation of a stable 
DNA triple helix at pH 5.2 reduces the end-to-end distance of the central portion of the 
cross-linker to ~2 nm, thus contracting the cross-linker between the PIC polymers. At 
pH 7.4 the cross-linker consists of a 25bp double helix, connected to a 35nt ssDNA and 
the stiffness proﬁle of the hydrogel shows multiple stress regimes as observed for the 
hydrogel network bridged by ssDNA cross-linker LC, with low storage modulus (G0 = 9 Pa) 
and critical stress (Tc= 0.6 Pa) (Figure 3.4c). 
Formation of the DNA triplex stabilizes the hydrogel, as indicated by a twofold increase 
of the storage modulus (G0 = 18 Pa), and results in the collapse of the stiffness proﬁle to 
a single linear and nonlinear domain with an upward shift of the critical stress to ~1.5 
Pa. The lower storage modulus at high pH is in accordance with a lower extensional 
stiffness of the cross-linker by incorporation of the longer single-stranded and double-
stranded sequences controlling the mechanical properties of the hydrogel. These 
results also support the role of the molecular structure of the cross-linker in controlling 
the mechanical properties of the hydrogel, which can be internally changed using a 
switchable DNA cross-linker. 
3.3.4 | Ligand controlled stress sensitivity
To illustrate the versatility of our platform in designing tunable responsive hydrogels 
with internal control elements, we next engineered a ligand-responsive hydrogel 
by incorporating a DNA aptamer speciﬁc for the human _-thrombin protein [29]. The 
DNA aptamer in complex with thrombin forms a stable quadruplex structure with two 
G-quartets [32], and can thus act as a molecular switch in response to thrombin. Similar to 
the i-motif cross-linked hydrogels, we designed a crosslinker (DNA TC) by extending the 
thrombin aptamer sequence with ssDNA sequences to bridge PIC-DNA A and PIC-DNA 
B. Cross-linking of the PIC DNA A and B polymers with DNA TC results in formation of a 
stable hydrogel (Go = 12 Pa), which, comparable to the results obtained with other cross-
linkers with internal unstructured ssDNA sequences, starts to stress stiffen at low stress 
(Tc = 0.6 Pa), and shows multiple stress regimes before rupturing at 3 Pa (Figure 3.5). Mixing 
_-thrombin (~2.5 µM) with the cross-linked hydrogel resolves the multiple stress regimes 
and stabilizes the hydrogel with G0 increasing nearly 1.5 times to 18 Pa and Tc increasing to 
1.2 Pa. Taken together, all these results demonstrate that the stiffness and critical stress 
of the DNA-cross-linked PIC hydrogels can be readily tuned by using switchable internal 
control elements.  The low stiffness of the hydrogels combined with the user-deﬁned 
adaptability of soft DNA interactions can be particularly suited to address cellular 
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response in 3D matrices, for example, using cell culture grown as spheroids [33-36]. The 
thermosensitive response of the PIC polymers induces polymer bundling resulting in 
hydrogels with higher stiffness. Therefore, using this material a range from a few Pascal 
up to a few hundred Pascal can be readily achieved to probe the inﬂuence of hydrogel 
stiffness in 3D matrices.
Figure 3.5 | Thrombin-dependent rheology of PIC-DNA hydrogels with 0.5 equivalents of cross-
linker TB A) Addition of 2.5 µM thrombin induces the formation of a stable quadruplex structure 
with two G-quartets in the cross-linker. B) Kinetic rheological measurements of formation of 
the PIC DNA hydrogel after mixing with DNA cross-linker TB in the absence of thrombin (blue) 
and stabilization of a preformed PIC-DNA A + B + TB hydrogel in presence of thrombin (green) 
at 30 °C in PBS, 10 × 10–3 M MgCl2. C) K’/ G0 as a function of T in the absence (blue) and presence 
(green) of thrombin.
3.4 | Conclusions
The nonlinear stress response of biological supramolecular materials is increasingly 
recognized as an important adaptive regulation element in cellular function. By exploiting 
the versatility and programmability of DNA building blocks combined with stress-
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stiffening PIC polymers we have developed a biomimetic DNA responsive hydrogel 
toolbox with tunable nonlinear mechanical properties that can be controlled by the 
structure and ﬂexibility of the DNA cross-linkers. For instance, by using pH-sensitive DNA 
i-motif and DNA triplex motifs as internal control elements, the stress response of the 
hydrogel can be reversibly tuned with a nearly 2-fold increase in Go and a shift of nearly 
2 Pa in critical stress. The platform is a powerful addition to the development of new 
adaptive materials with tunable mechanical properties and response by the inclusion of 
the large repertoire of designable responsive DNA cross-linkers that can be varied at will. 
In particular, access to tunable stress stiffening properties will be instrumental for the 
development of truly biomimetic materials where the interplay between biochemical and 
mechanical cues can be precisely tuned. The low stiffness of the hydrogels combined 
with the user-deﬁned adaptability of soft DNA interactions can be particularly suited to 
address cellular response in 3D matrices using cell culture grown as spheroids [18]. This 
material has potential in biomedical applications such as tissue engineering or drug 
delivery and can be further designed to develop self-healing materials or actuators. 
3.5 | Experimental Section
3.5.1 | Synthesis of azide-functionalized polyisocyanopeptides 
Azide appended polyisocyanopeptides functionalized with tetra ethylene glycol side 
chains were synthesized as described previously. Functional azide monomer (N3), and 
non-functional methoxy monomer (OMe) were mixed in a 1:30 ratio in freshly distilled 
toluene, after which Ni(ClO4)2•6H2O catalyst (dissolved in 9/1 toluene/ethanol) was 
added. The mixture was stirred for 2-3 days before it was precipitated three-fold in the di-
isopropyl ether. A catalyst/monomer ratio of 1/10000 was used to obtain polymers with a 
length of approximately 335 nm. 
3.5.2 | Functionalization of DNA with DBCO-PEG4-NHS
DNA oligonucleotides (Table 3.1) were obtained from Integrated DNA Technologies in 
desalted-only grade and puriﬁed in-house using preparative denaturing polyacrylamide 
gel electrophoresis (PAGE; 20%).8 The NH2-modiﬁed DNA (500 µM) was reacted with the 
heterobifunctional reagent DBCO-PEG4-NHS (1.25 mM, Jena Bioscience) in 50 mM borate 
buffer pH 8.5 at 25 °C for 2 hours. The product was puriﬁed using Illustra Microspin G-25 
columns (GE Healthcare). The ﬁnal yield of DNA-DBCO was determined by UV absorption 
at 260 nm (DNA/DBCO) or 309 nm (DBCO).
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Table 3.2 |  DNA sequences used in this study
Single-stranded DNA DNA sequence (5’ to 3’)
DNA A NH2-TTT TTT TCA ACA TCA GT
DNA B CTG ATA AGC TAT TTT TT-NH2
DNA C TAG CTT ATC AGA CTG ATG TTG A
DNA AB NH2-TTT TTT TCA ACA TCA GT CTG ATA AGC TAT TTT TT-NH2
DNA LC  (i-motif) TAG CTT ATC AG CCC CT AAC CCC TAA CCC CTA ACC CC A CTG 
ATG TTG A
DNA LC’ (LC complement) GGG GTT AGG GGT TAG GGG TTA GGG G 
DNA THA (triple helix) 5’-NH2-TTT TTT CCC CTC TCC TCC TTC TTT TCT CTC TAT TAT CTC 
TCT TTT CTT
DNA THB (triple helix) CCT CCT CTC CCC TTT TTT- NH2-3’ DNA THB
DNA THC (triple helix) GGG GAG AGG AGG AAG AAA AGA GAG A
DNA TB (thrombin aptamer) TAG CTT ATC AGT GGT TGG TGT GGT TGG TTA CTG ATG TTG A
 
3.5.3 | Synthesis of the DNA-functionalized PIC polymer
Stock solutions of the PIC polymer were prepared by dissolving 5 mg mL-1 of azide-
functionalized PIC polymer (13.9 mM monomer) in Milli-Q water. DBCO-functionalized 
DNAs were mixed with the azide-functionalized PIC polymer in a 1:50 ratio (125 µM DNA-
DBCO: 6.25 mM PIC monomer) in phosphate buffered saline (PBS, pH 7.4) and incubated 
at 25 °C for 12 hours. The yield of the conjugation reaction was determined by monitoring 
the absorbance of DBCO before and after the reaction (Figure A.3.1). As the yield of the 
reaction was ~90 - 95 %, the polymer conjugate was used without further puriﬁcation.
3.5.4 | Hydrogel preparation
PIC-DNA A and PIC-DNA B or PIC-DNA THA and PIC-DNA THB conjugates were mixed in 
1:1 ratio at 4 °C in PBS, 10 mM MgCl2, pH 7.4. To induce gel formation, complementary DNA 
oligonucleotides were added in desired concentrations. The total polymer concentration 
was 2 mg mL-1 for all experiments corresponding to ~55 µM of the respective DNA linkers. 
For the thrombin mediated hydrogel 0.5 equivalents of cross-linker DNA TB was mixed 
with PIC-DNA A and PIC-DNA B at 4°C in PBS, 10 mM MgCl2, pH 7.4, to form a pre-cross-
linked PIC mixture, and subsequently mixed with thrombin. Thrombin was obtained as 
a lyophilized powder from human plasma (Sigma-Aldrich) and dissolved in 30 µL PBS, 
yielding a 25 µM stock solution prior to addition to the pre-cross-linked PIC mixture. 
3.5.5 | Rheology measurements 
Time-sweep oscillatory rheology measurements were carried out with a stress-
controlled rheometer (Discovery HR-1, TA Instruments) using parallel plate geometry 
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(40mm diameter; aluminium) and a 200μm gap. All measurements were performed in a 
temperature-controlled environment with oil sealing to minimize sample evaporation. 
Sample volumes were 300 µL. The lag time between hydrogel preparation and the start 
of the measurements was approximately 5 minutes. Linear rheology measurements 
were performed at a ﬁxed frequency (1 Hz) and strain (2%). For the variable temperature 
rheology experiments, the temperature was ramped at 1 °C min-1. The nonlinear stress-
stiffening proﬁles were investigated using a previously described pre-stress protocol [20]. 
A small oscillatory stress bm was superposed on a constant pre-stress and the resultant 
oscillatory strain (EH) was recorded in a frequency sweep experiment (0.1-10.0 Hz). The 
differential modulus K' (ET/EH) was extracted at a speciﬁcally applied pre-stress (T) and 
frequency (1 Hz). The critical stress is deﬁned as the value where m increases by at least 
10 % over its original value. 
3.5.6 | Circular Dichroism (CD) measurements 
CD spectra were recorded using a JASCO J-810 circular dichroism spectropolarimeter 
and a quartz cuvette with a path length of 1 mm (Perkin Elmer). All samples were prepared 
in PBS, 10 mM MgCl2. The PIC concentrations were adjusted to 0.2 mg ml-1. The optical 
chamber of the CD spectrometer was deoxygenated with dry nitrogen for 30 min before 
use and kept under nitrogen atmosphere during experiments. For each spectrum, ﬁve 
scans were accumulated and automatically averaged.
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3.6| Appendix
Samples [DNA-DBCO] at 0 mins [DNA-DBCO] after 12 hours
(Absorbance) (Absorbance)
DNA A ~100 µM  (0.958) ~ 4 µM (0.108)
DNA B ~100 µM (0.860) ~ 10 µM (0.112)
Control 
PIC, no DBCO ~ 5 µM (0.05) ~ 5 µM (0.06)
Figure A.3.1 | Yields of DBCO-DNA conjugation to N3-functionalized PIC polymers. A standard 
curve was generated by measuring the absorbance of free concentrations of DBCO at 309 nm 
using a Nanodrop spectrophotometer (ND-1000, Thermo Scientiﬁc). The amount of DNA-DBCO 
clicked on DNA A and DNA B was determined by the absorbance of residual free DNA-DBCO 
after the click reaction. Comparing the amount of free DBCO before (0 min) and after incubation 
(12 hours) with the polymer reveals a high reaction efficiency of  ~90 - 95 % for both DNA A and 
B oligonucleotides.
Figure A.3.2 | Frequency-dependent rheology of PIC DNA hydrogels cross-linked with 
0.9 equivalents DNA LC at pH 7.4 A) or 5.2 B) The hydrogels were stable and did not relax 
as demonstrated by measuring G’ and G’’ over a range of frequencies (10-3 to 10 Hz). All 
measurements were performed at 30 °C in PBS, 10 mM MgCl2, pH 7.4.
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Figure A.3.3 | Temperature-dependent rheological analysis of PIC-DNA hydrogel, covalently 
cross-linked with DNA AB (single-stranded) or DNA AB + C (double-stranded). (1 °C min-1 at (1 Hz) 
and strain (2%) PBS, 10 mM MgCl2.)
Figure A.3.4 | CD spectra to conﬁrm formation of an i-motif in solution (25 °C, PBS.10 mM MgCl2). 
The spectrum of DNA LC shows a large positive peak at ~ 260 nm at pH 7.4 and a larger positive 
peak shifted to ~ 285 nm at pH 5.2. Simultaneously, the small negative peak becomes smaller 
and shifts to a higher wavelength. Both are indicators of a switch to an i-motif structure at low pH. 
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Figure A.3.5 | pH-dependent rheological analysis of PIC-DNA cross-linked with 0.9 equivalents 
DNA LC to form the i-motif at 30 °C in PBS, 10 × 10–3 M MgCl2. A) Time evolution of storage 
modulus G’ after addition of DNA cross-linker LC at pH 6.0 (grey) and pH 6.5 (green). B) K’/ G0 as 
function of T at pH 6.0 (grey) and pH 6.5  (green).
 
 
Table A.3.1 | Mechanical properties of hydrogel cross-linked with i-motif at pH 6.0 and 6.5
 
DNA construct Rheological properties
Cross-linker 
Sequence
Contour Length 
(nm)
Go (Pa) mc (Pa) mmax (Pa)
ss-DNA LC ~ 16 - 19 79 ± 9 4 ± 0.5 30
(pH 6.0)
ss-DNA LC ~ 16 - 19 68.5 ± 8 4.5 ± 0.5 30
(pH 6.5)
Figure A.3.6 | Rheological analysis of DNA triplex cross-linked PIC hydrogel at pH 7.4 and pH 5.2. 
Temperature-dependent rheology was measured with ramping of 1 °C min-1 at (1 Hz) and strain 
(2%) PBS, 10 mM MgCl2.
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Figure A.3.7 | pH dependence of PIC DNA hydrogels covalently cross-linked with DNA AB + C at 
pH 7.4 (orange) and 5.2 (green).
 
Figure A.3.8 | Rheology measurements of the PIC-DNA hydrogel cross-linked with DNA LC in 
the presence of 10 µg/ml BSA. A) Time evolution of the storage modulus (G’). B) G’ and G’’ over 
a range of frequencies (10-3 to 10 Hz). Measurements were performed at 30 °C in PBS, 10 mM 
MgCl2, pH 7.4.
ba
10-2 10-1 100 101 102
10-1
100
101
102
Frequency (Hz)
Storage modulus Loss modulus
M
od
ul
iG
'a
nd
G
"
0 1000 2000 3000
100
101
102
St
or
ag
e
m
od
ul
us
G
'(P
a)
Time (seconds)
BA
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 78
CHAPTER 3
78
3.7 | References
1 Discher, D.E., P. Janmey, and Y.L. Wang, Tissue cells feel and respond to the stiffness of 
their substrate. Science, 2005. 310(5751): p. 1139-43.
2 Discher, D.E., D.J. Mooney, and P.W. Zandstra, Growth factors, matrices, and forces 
combine and control stem cells. Science, 2009. 324(5935): p. 1673-7.
3 Baker, B.M. and C.S. Chen, Deconstructing the third dimension: how 3D culture 
microenvironments alter cellular cues. J Cell Sci, 2012. 125(Pt 13): p. 3015-24.
4 Lutolf, M.P. and J.A. Hubbell, Synthetic biomaterials as instructive extracellular 
microenvironments for morphogenesis in tissue engineering. Nat Biotechnol, 2005. 23(1): 
p. 47-55.
5 Tibbitt, M.W. and K.S. Anseth, Hydrogels as extracellular matrix mimics for 3D cell culture. 
Biotechnol Bioeng, 2009. 103(4): p. 655-63.
6 Appel, E.A., et al., Supramolecular polymeric hydrogels. Chem Soc Rev, 2012. 41(18): p. 
6195-214.
7 Stowers, R.S., S.C. Allen, and L.J. Suggs, Dynamic phototuning of 3D hydrogel stiffness. 
Proc Natl Acad Sci U S A, 2015. 112(7): p. 1953-8.
8 Li, C., et al., Rapid formation of a supramolecular polypeptide-DNA hydrogel for in situ 
three-dimensional multilayer bioprinting. Angew Chem Int Ed Engl, 2015. 54(13): p. 
3957-61.
9 Jin, J., et al., A triggered DNA hydrogel cover to envelop and release single cells. Adv Mater, 
2013. 25(34): p. 4714-7.
10 Cheng, E., et al., A pH-triggered, fast-responding DNA hydrogel. Angew Chem Int Ed Engl, 
2009. 48(41): p. 7660-3.
11 Guvendiren, M. and J.A. Burdick, Stiffening hydrogels to probe short- and long-term 
cellular responses to dynamic mechanics. Nat Commun, 2012. 3: p. 792.
12 Storm, C., et al., Nonlinear elasticity in biological gels. Nature, 2005. 435(7039): p. 191-4.
13 Koenderink, G.H., et al., An active biopolymer network controlled by molecular motors. 
Proc Natl Acad Sci U S A, 2009. 106(36): p. 15192-7.
14 Gardel, M.L., et al., Prestressed F-actin networks cross-linked by hinged ﬁlamins replicate 
mechanical properties of cells. Proc Natl Acad Sci U S A, 2006. 103(6): p. 1762-7.
15 Wagner, B., et al., Cytoskeletal polymer networks: the molecular structure of cross-linkers 
determines macroscopic properties. Proc Natl Acad Sci U S A, 2006. 103(38): p. 13974-8.
16 Yao, N.Y., et al., Nonlinear viscoelasticity of actin transiently cross-linked with mutant 
alpha-actinin-4. J Mol Biol, 2011. 411(5): p. 1062-71.
17 Lieleg, O., M.M.A.E. Claessens, and A.R. Bausch, Structure and dynamics of cross-linked 
actin networks. Soft Matter, 2010. 6(2): p. 218-225.
18 Wachsstock, D.H., W.H. Schwarz, and T.D. Pollard, Cross-linker dynamics determine the 
mechanical properties of actin gels. Biophys J, 1994. 66(3 Pt 1): p. 801-9.
19 Kouwer, P.H., et al., Responsive biomimetic networks from polyisocyanopeptide hydrogels. 
Nature, 2013. 493(7434): p. 651-5.
20 Jaspers, M., et al., Ultra-responsive soft matter from strain-stiffening hydrogels. Nat 
Commun, 2014. 5: p. 5808.
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 79
A BIOMIMETIC STRESS SENSITIVE HYDROGEL CONTROLLED BY DNA NANOSWITCHES
79
21 van Buul, A.M., et al., Stiffness versus architecture of single helical polyisocyanopeptides. 
Chemical Science, 2013. 4(6): p. 2357-2363.
22 Deshpande, S.R., et al., DNA-Responsive Polyisocyanopeptide Hydrogels with Stress-
Stiffening Capacity. Advanced Functional Materials, 2016. 26(48): p. 9075-9082.
23 Guo, W., et al., Switchable bifunctional stimuli-triggered poly-N-isopropylacrylamide/DNA 
hydrogels. Angew Chem Int Ed Engl, 2014. 53(38): p. 10134-8.
24 Gehring, K., J.L. Leroy, and M. Gueron, A tetrameric DNA structure with protonated 
cytosine.cytosine base pairs. Nature, 1993. 363(6429): p. 561-5.
25 Chen, Y., S.H. Lee, and C. Mao, A DNA nanomachine based on a duplex-triplex transition. 
Angew Chem Int Ed Engl, 2004. 43(40): p. 5335-8.
26 Chen, Y. and C. Mao, Reprogramming DNA-directed reactions on the basis of a DNA 
conformational change. J Am Chem Soc, 2004. 126(41): p. 13240-1.
27 Chen, Y. and C. Mao, pH-induced reversible expansion/contraction of gold nanoparticle 
aggregates. Small, 2008. 4(12): p. 2191-4.
28 Idili, A., A. Vallée-Bélisle, and F. Ricci, Programmable pH-Triggered DNA Nanoswitches. 
Journal of the American Chemical Society, 2014. 136(16): p. 5836-5839.
29 Bock, L.C., et al., Selection of single-stranded DNA molecules that bind and inhibit human 
thrombin. Nature, 1992. 355(6360): p. 564-6.
30 Piechocka, I.K., et al., Multi-scale strain-stiffening of semiﬂexible bundle networks. Soft 
Matter, 2016. 12(7): p. 2145-56.
31 Kypr, J., et al., Circular dichroism and conformational polymorphism of DNA. Nucleic 
Acids Res, 2009. 37(6): p. 1713-25.
32 Macaya, R.F., et al., Thrombin-binding DNA aptamer forms a unimolecular quadruplex 
structure in solution. Proc Natl Acad Sci U S A, 1993. 90(8): p. 3745-9.
33 Wang, K., et al., Hidden in the mist no more: physical force in cell biology. Nat Methods, 
2016. 13(2): p. 124-5.
34 Steinwachs, J., et al., Three-dimensional force microscopy of cells in biopolymer networks. 
Nat Methods, 2016. 13(2): p. 171-6.
35 Nam, S., et al., Strain-enhanced stress relaxation impacts nonlinear elasticity in collagen 
gels. Proc Natl Acad Sci U S A, 2016. 113(20): p. 5492-7.
36 Nagelkerke, A., et al., Generation of multicellular tumor spheroids of breast cancer cells: 
how to go three-dimensional. Anal Biochem, 2013. 437(1): p. 17-9.
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 80
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 81
“You have to grow from  
the inside out.”
 
 SWAMI VIVEKANAND
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 82
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 83
 
 
 4
 
Thermodynamic control 
of DNA responsive PIC 
hydrogels
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 84
CHAPTER 4
84
4.1 | Abstract
Polymeric hydrogels that exhibit multiple thermal transitions are an emerging 
topic for developing interesting molecular devices for drug delivery and biosensing 
applications. In this chapter, we further explore the delicate interplay between the 
thermodynamic stability of the DNA cross-linkers and thermo-sensitive response 
of the polyisocyanopeptide (PIC) polymers. A unique gel-sol-gel transition of DNA-
polyisocyanopeptide (PIC) hydrogels is achieved by ﬁne-tuning the thermodynamic 
stability of the bridging DNA cross-linkers. By exposing the hydrogels to multiple 
thermocycles higher stability and sensitivity towards the DNA cross-linkers can be 
achieved, leading to the formation of a stable hydrogel with only 2.5 µM of DNA cross-
linker. Finally, we address a possible role of a multivalency effect of the DNA cross-linker 
interactions on hydrogel stability. 
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4.2 | Introduction
Modern synthetic biomaterials are rapidly designed to interface with biological materials 
in predeﬁned ways. An important class of biomaterials are hydrogels, highly hydrated 
polymeric networks composed of hydrophilic polymers [1-5]. The basic polymeric matrix 
provides the structural framework but sophisticated functionalization schemes have 
been developed to engineer hydrogels that are versatile and tunable in their physical 
properties (e.g., swelling, stiffness, porosity) in response to environmental cues [6-9], while 
the liquid phase provides a perfect niche to load different biomolecules for activating 
this response [10, 11]. Hydrogels are widely used in biomedical applications due to their 
remarkable biocompatibility and resemblance to the native extracellular matrix (ECM) [12-
14]. Biomimetic hydrogels can be highly dynamic by changing their cross-linker density 
in response to environmental cues like pH [15], temperature [16, 17], or ions as well as 
biomacromolecules such as DNA oligomers or proteins. This can be achieved chemically, 
by changing the density of cross-links that are covalently connected, or physically, by 
changing the density of cross-links held together by non-covalent interactions such 
as hydrogen bonds or hydrophobic interactions. Including the reversible nature of 
non-covalent interactions in physically cross-linked hydrogels aims to mimic nature’s 
remarkable ability to sense and respond to diverse mechanical and biochemical stimuli 
like those present in the ECM [18-22]. Their adaptability has enabled wide applications in 
diagnostics, tissue engineering [23], drug delivery, microreactors, electronic devices and 
bio-nanotechnology. Despite signiﬁcant advances in the development of biocompatible 
dynamic hydrogels, the ability to completely mimic the ECM remains challenging, 
especially in reproducing the delicate interplay between biomolecule sensitivity and 
multi-responsiveness. Nature addresses these fundamental issues using a key principle 
known as multivalency or avidity, where multiple weak interactions act simultaneously 
to establish strong, but reversible interactions between interacting units [24],[25],[26, 
27]. Multivalency plays a signiﬁcant role in the self-organization of matter, in biological 
recognition processes as well as in signal transduction in biological systems [28]. 
Previously, we developed a biomimetic, DNA responsive polyisocyanopeptide (PIC) 
hydrogel with mechanical properties similar to natural hydrogels that can be controlled 
by the density of the DNA cross-linkers and temperature. [29-32] However, the basis of the 
highly sensitive mechanical response and the interplay between the thermodynamic 
stability of the DNA cross-linkers and thermo-sensitive response of the semiﬂexible PIC 
polymers is still far from understood. The work presented in this chapter attempts to 
broaden this understanding by further investigating the inﬂuence of the thermodynamic 
stability of the DNA cross-linkers, as well as addressing a possible role of a multivalency 
effect of the DNA cross-linker interactions on hydrogel stability. 
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4.3 | Results And Discussion
4.3.1 | Interplay between DNA-crosslinked and PIC-bundled hydrogels
In this work, we aimed to further explore the interplay between DNA cross-linking and 
PIC bundling on hydrogel properties. We started out by investigating the temperature 
dependence using DNA cross-linkers of different stability at near-stoichiometric 
amounts (0.9 equivalents). Previously, we investigated the temperature temperature 
dependence of the DNA-PIC hydrogels and resulting mechanical properties using a fully 
complementary DNA C as well as DNA M, which contains a single mismatch to DNA A. 
The results showed that upon heating the DNA cross-linked hydrogel, a transition from a 
DNA-cross-linked hydrogel to a PIC-bundled hydrogel occurs above 45 °C due to melting 
of DNA cross-links and subsequent activation of the thermo-responsive behaviour of 
the PIC polymers. Upon lowering the temperature from 60 °C, the transition occurs in 
reverse, with the PIC-bundled hydrogel evolving into a DNA-cross-linked hydrogel, 
however with a signiﬁcantly higher G’ (Figure 2.3). This higher G’ was attributed to higher 
order in the re-assembled DNA hydrogel due to annealing of complementary DNAs on a 
pre-bundled PIC network. To further evaluate the role of this synergistic effect between 
PIC bundling and DNA reassembly, DNA cross-linkers with lower thermodynamic 
stabilities were introduced (Table 4.1). DNA M1, containing one mismatch with sequence 
DNA B and DNA M2, containing two mismatches with sequence DNA B. The predicted 
melting temperatures (Tm) of DNA M1 and DNA M2 annealed to DNA B are 20 °C and 
15 °C, respectively, which is more than 15 °C lower compared with the matched 
complementary sequence DNA C and mismatched DNA M introduced in chapter 2 (45 and 
36 °C, respectively, Table A.4.1, Figures A.4.1 and A.2.10). 
Table 4.1 | DNA sequences used in this study. Mismatched nucleotides are in underlined red.
Single-stranded DNA DNA Sequence (5’-->3’) Number of Nucleotides
DNA A NH2-TTT TTT TCA ACA TCA GT 17
DNA B CTG ATA AGC TAT TTT TT-NH2 17
DNA C TAG CTT ATC AGA CTG ATG TTG A 22
DNA M1 TAC CTT ATC AGA CTG ATG TTG A 22
DNA M2 TAC TTT ATC AGA CTG ATG TTG A 22
 
Mixing 0.9 equivalents of DNA M1 to PIC-DNA A and PIC-DNA B results in the formation of 
a stable hydrogel with a storage modulus G’ ~ 30 Pa at 30 °C (Figure 4.1a). The rheological 
analysis as a function of temperature was performed on the cross-linked hydrogels in the 
range of 30-60 °C by sequentially increasing and lowering the temperature at a heating 
rate of 1 °C /min. The rheological temperature proﬁle, G’ as a function of temperature, 
exhibits a trend with two transitions as shown in Figure 3.1a. Upon raising the temperature 
the DNA cross-links gradually dissociate between 30-40 °C as indicated by lowering of 
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G’. Between 40-45 °C the DNA cross-links completely dissociate resulting in a viscous 
solution with G’/G” ~ 1. Finally, in the temperature range between 45-60 °C, the viscous 
mixture evolves back into a PIC-bundled hydrogel as indicated by the increase in G’. 
Upon subsequent lowering of the temperature from 60 °C, a similar rheological proﬁle 
is observed, indicating transformation from a PIC-bundled hydrogel to a viscous 
solution followed by reformation of a DNA cross-linked hydrogel. This rheology proﬁle is 
signiﬁcantly different from the proﬁle obtained with hydrogels cross-linked with DNA C 
or DNA M (Figures 2.3a and A.2.10). Here only two phases are observed, attributed to DNA 
dissociation and PIC bundling. A rheological proﬁle with three phases is also observed for 
the hydrogel cross-linked with mismatched DNA M2 (Figure 4.1b): formation of a viscous 
mixture in the temperature range 40-45 °C, complete dissociation of DNA strands at 
~40 °C, and formation of a PIC-bundled hydrogel at higher temperatures. Note that the 
temperature-dependent proﬁles of the hydrogel cross-linked with DNA M2 associated 
with the DNA hydrogel transition are shifted to a lower temperature, in accordance with 
the lower melting temperature of the DNA M2 - DNA B duplex (Table A.4.1).  
Figure 4.1 | Temperature-dependent gelation of PIC-DNA hydrogels cross-linked with A) DNA 
M1 and B) DNA M2 upon raising (closed symbols) or lowering (open symbols) the temperature. R 
= 0.9 equivalents cross-linker M1/M2 to DNA A/B, PBS, pH 7.4, 1.8 mg mL-1 PIC.
 
The temperature dependent rheological proﬁles of the hydrogels cross-linked with DNA 
M1 or M2 further illustrate the inﬂuence of cross-linker stability on the interplay between 
PIC bundling and formation of the DNA cross-linked networks (Figure 4.1). In the case of 
DNA C and DNA M, two overlapping transitions are observed. Together with the melting 
temperature of the DNA cross-links, this suggests that in the trajectory from high to low 
temperature the DNA cross-links are able to form before the hydrophobically cross-
linked PIC bundles are completely unbound. This allows the DNA cross-links to form on 
a prebundled network, thus resulting in a DNA-cross-linked hydrogel with higher order 
and G’. In contrast, for the hydrogels cross-linked with either DNA M1 or DNA M2  two 
transitions are observed, separating formation of the DNA- and PIC-bundled-hydrogel. 
BA
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 88
CHAPTER 4
88
Apparently, the mismatches with DNA B confer such weak thermodynamic stability of the 
DNA cross-links that the temperature dependent rheological proﬁles exhibit no overlap 
between PIC bundling and formation of a DNA cross-linked network. This suggests that 
in these cases the PIC polymers are completely unbound and randomized before DNA 
cross-links can be formed, which results in a DNA-cross-linked network with lower order 
as is the case at the onset of the temperature ramp. This results in comparable G’ values 
between the two trajectories at low temperature. These results combined thus further 
illustrate the synergistic effect between bundling of the thermo-responsive PIC polymers 
and formation of the DNA-cross-linked hydrogel, which can be controlled by tuning the 
thermodynamic stability of the DNA cross-linkers.
The mechanical properties of the hydrogel cross-linked with DNA M1 exhibit a clear 
transition proﬁle, in accordance with gel-sol-gel phase transitions as a function of 
temperature. The hydrogel phases at low and high temperature are stable showing 
similar G’ values of ~30 Pa at 30 °C and 60 °C, respectively. The non-linear mechanical 
properties are dissimilar, however, as can be expected for the different gel types. For the 
DNA hydrogel at 30 °C the non-linear stress regime sets in at a critical stress, Tc,  of ~ 
0.9 Pa, while for the PIC-bundled hydrogel at 60 °C Tc  is 4 Pa. Despite the lower stability 
of the DNA-cross-linkers, the DNA-hydrogel still exhibits stress-stiffening behavior. 
At 30°C the DNA hydrogel cross-linked with DNA M1 ruptures at a Tmax of 20 Pa, while at 
60°C the PIC-bundled hydrogel remains unruptured up to 200 Pa (Figure A.4.2), indicating 
higher resistance of the PIC bundles compared to DNA cross-links to an applied 
stress. Interestingly, most responsive hydrogels only show sol-to-gel and/or gel-to-sol 
transitions, and very few hydrogels have been reported that can be controlled to display 
sequential gel-sol-gel transitions [33]. The gel-sol-gel behavior of the DNA-responsive PIC 
hydrogels can be ﬁne-tuned at will by proper choice of the thermodynamic stabilities 
of the DNA cross-linkers, which adds to the repertoire of applications of the DNA-PIC 
toolbox.
4.3.2 | Role of PIC bundling on cross-linker sensitivity   
To further investigate the synergistic effect between DNA cross-linking and PIC 
bundling, thermocycles were conducted using PIC polymers DNA A and DNA B  cross-
linked with different amounts of DNA C. The DNA C concentration was varied from 0.1 
to 0.9 equivalents with respect to the DNA A/B concentration (Table 4.2). As described 
before, for the DNA hydrogel cross-linked with 0.9 equivalents of DNA C G’ increases 
from 45 to 110 Pa after one thermocycle. The critical stress mc increases from 3 to 3.5 
Pa and Tmax increases from 40 to 50 Pa. For the hydrogels cross-linked with 0.6, 0.3 and 
0.1 DNA equivalents similar increases of these three key parameters are observed. For 
the mixture with the lowest cross-linker concentration, i.e., 0.05 equivalents, initially G’ 
is less than 1 Pa at 30 °C, indicating formation of viscous solution rather than a hydrogel. 
After one thermocycle G’ increases to 1.8 Pa, indicating formation of a soft hydrogel 
(Figure 4.2). The hydrogel cross-linked with 0.05 equivalents of DNA C shows no stress-
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stiffening behaviour and ruptures at 0.5 Pa. With a polymer length of 335 nm used in 
this study 0.05 equivalents of DNA C correspond to an average spacing of 118 nm and 
hence only 3 DNA functionalities on average to form cross-links between PIC polymers. 
Remarkbly, even with this low cross-linker density a stable hydrogel can be formed. In 
terms of mechanical properties, i.e., the storage modulus, critical stress and rupture 
force, the results indicate that gel formation becomes more sensitive to cross-linker 
concentration after one thermocycle. The increase in sensitivity as a function of cross-
linker density indicates possible interaction between multiple different DNA binding sites 
upon lowering the temperature. In the next section we will further elaborate on this so-
called multivalency effect. 
Figure 4.2 | Effect of a temperature cycle on the mechanical properties of DNA cross-linked 
hydrogels. A) G’ as a function of the temperature of the hydrogel with 0.05 equivalents of cross-
linker DNA C. B) G’ of hydrogels cross-linked with different amounts of DNA C (R = 0.05, 0.1, 0.3, 
0.6 and 0.9 equivalents) before (green squares) and after a temperature cycle. (PBS, 10 mM 
MgCl2, pH 7.4, 1.8 mg mL-1 PIC).
 
Table 4.2 | Summary of mechanical properties at 30 °C before (pre-assembled) and after one 
thermocycle (temperature assembled).
 
R DNA spacing
(nm)
[DNA C] 
(µM)
Ceff
(µM)
       Initial Values
    (Pre-assembled)
Final Values (Tempera-
ture  assembled)
G’(Pa) mc mmax G’(Pa) mc mmax
0.05 117.5 2.5 0.24 0.2 NA NA 1.8 NA 0.5
0.1 58.9 5 1.9 2.5 0.3 5 8 0.8 3
0.3 19.6 15 52.7 14 1.2 7 30 1.8 11
0.6 9.8 30 421 32 2.1 16 50 3 22
0.9 6.5 45 1443 54 3.1 40 100 3.5 50
BA
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Multivalent interactions usually form between interfaces or molecules that carry 
multiple, complementary functionalities. In biology, the simultaneous interaction 
between functionalities is often used to enhance the binding strength by several orders 
of magnitude as compared to the monovalent interactions. This increased affinity can 
be explained by the higher effective concentration (Ceff) of an unbound next to a bound 
functionality [34] :after the ﬁrst binding event, Ceff for the next binding event is greatly 
increased by reducing the probing volume for the connected unbound species, thus 
enhancing the probability of binding. Ceff can easily be estimated from known geometrical 
parameters, such as the distance between adjacent ligands, and increases with 
decreasing the distance. In our case the formation of one cross-link between PIC-DNA 
A/B and DNA C can be considered as the monovalent interaction. The question to address 
is if the changes in the mechanical properties and the sensitivity of the hydrogel with 
respect to cross-linker density originates from a multivalency effect, i.e., the enhanced 
binding affinity by formation of a cross-link next to a pre-existing cross-link. To address 
the role of multivalency in DNA-PIC assembly a new batch of PIC-DNA polymers was 
synthesized using ~335 nm PIC polymers with 1 in 30 monomers azide-appended. For this 
batch the average DNA density on a single PIC polymer was varied by tuning the ratio of 
DBCO-functionalized DNA to PIC monomer to 1:100, 1:200, 1:400, 1:600, 1:800 during the 
coupling reaction. 
Table 4.3 | Summary of spatially controlled multivalency on storage modulus of DNA cross-
linked hydrogels.  
R DNA spacing 
(nm)
DNA C (µM) Ceff (µM) G’ (Pa)
Pre-assembled Temperature 
assembled
0.06 103 2.8 0.36 0.3 0.2
0.075 77.6 3.8 0.84 0.6 0.8
0.11 51.7 5.7 2.87 2.5 3.5
0.23 25.6 11.4 23.6 5 15
0.45 13.0 22.5 180 8 32
From the DNA density the average distances between DNA molecules on one PIC polymer 
can be estimated, which varies between 13 and 103 nm for the new batch (Table 4.3). 
The effective concentration can be calculated assuming that the probing volume of an 
unbound DNA next to a bound DNA can be approximated by a sphere with radius r, which 
is taken to be equal to the average distance between the DNA molecules. The effective 
concentration becomes one (site/molecule) divided by the probing volume [34]:  
 Ceff=1/(
4 Qr3 NA)
Where NA is Avogadro’s number, and r the distance between two adjacent DNA molecules 
on the PIC polymer. E.g, for the original PIC polymers with a DNA spacing of 6.5 nm, Ceff 
_
3
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amounts to ~1.4 mM (Table 4.2). For the PIC polymers functionalised every 103, 78, 52, 26, 
and 13 nm Ceff varies between 0.36 and 180 µM (Table 4.3). To compare the values of the 
two batches, apparent R equivalents were calculated from DNA spacings, which varied 
between 0.06 and 0.45 for the new batch. The new batch of PIC-DNA A and PIC-DNA B 
polymers were cross-linked again with near stoichiometric amounts of DNA C, i.e, 0.9 
equivalents with respect to the DNA A/B concentrations. A total polymer concentration 
of 1.8 mg/ml was used in all experiments. Hydrogel formation and mechanical properties 
were analysed using rheological measurements as a function of time and temperature. 
As expected from the low cross-linker densities, soft hydrogels are formed after mixing 
near stoichiometric amounts of cross-linker. Also, as observed for the batch with high 
density DNA A/B, G’ increases with the number of cross-links. PIC polymers with a DNA 
spacing of 12, 24 and 48 nm show G’ values of 2.5, 5 and 8 Pa, respectively (Table 4.3, 
Figure A.4.3). After one thermocycle G’ increases to 3.5, 15 and 32 Pa, respectively, i.e, 
between 1.4 and 4 fold (Table 4.2). As observed for the hydrogels with high density DNA 
A/B the enhancement factor decreases with increasing cross-linker densities. For the 
hydrogels with the lowest cross-linker densities, i.e., 3 - 4 cross-links per PIC polymer, 
no signiﬁcant enhancement of G’ after one thermocycle could be detected in this case. In 
general, for the batch with constant high-density DNA A/B and varying cross-linker ratios 
as well as for this batch, where the cross-linker density is varied by changing the DNA A/B 
density, modest enhancement factors between 1.5 and 4 are observed. This is far below 
multivalent enhancement factors reported for natural and synthetic systems, varying 
from tenths up to millions. If multivalency would play a role it would be expected that the 
effective concentrations would exceed the actual concentration of interacting partners. 
However, as can be seen from tables 4.2 and 4.3 only for the highest cross-linker densities 
the calculated effective concentration becomes signiﬁcantly higher than the actual 
concentration of the cross-linkers. Therefore, it seems unlikely that multivalency plays 
a direct role in the higher sensitivity with respect to DNA concentration after subsequent 
thermocycles. 
4.4 | Conclusions
In this work, we further explored the highly sensitive behaviour of the DNA responsive PIC 
hydrogels by varying the density and thermodynamic stability of the DNA cross-linker. 
Our study suggests a strong synergistic effect between PIC bundling and formation of 
the DNA-responsive hydrogel, which can result in a 1.4 - 9 fold increase in G’, depending 
on cross-linker density and stability. The synergistic effect was further analysed by 
introducing DNA cross-linkers with lower thermodynamic stability as compared to DNA 
C. By introducing DNA cross-linkers M1 and M2 we show it is not only possible to inﬂuence 
the process of forming the DNA-responsive hydrogel by running thermocycles, but also 
to control the outcome of the mechanical properties. Using these cross-linkers we 
were able to demonstrate the ﬂexibility of the PIC-DNA toolbox in developing a hydrogel 
with unique thermoresponsive gel-sol-gel behavior. This hydrogel evolves from a DNA 
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cross-linked hydrogel to a solution (between 30 °C – 40 °C), followed by formation of a 
hydrophobically cross-linked hydrogel at higher temperature (between 40 °C – 60 °C). 
Stable DNA hydrogels can be formed at extreme low concentration of 2.5 µM DNA cross-
linker with only 2 - 3 DNA cross-links per PIC polymer. Since the DNA-responsive PIC 
hydrogel involves formation of multiple DNA-DNA interactions, the effect of multivalency 
was studied on hydrogel formation and the mechanical properties. However, the results 
indicate that multivalency does not play a role in enhancing the sensitivity of the DNA-
responsive hydrogels with respect to DNA concentration. This supports the model that 
pre-bundling of the PIC polymers, resulting in higher order of the network, is the driving 
force for enhancing the stability of the DNA hydrogel, which is more pronounced for 
networks with low cross-linker density.
4.5 | Experimental section
4.5.1 | Synthesis of azide-functionalized polyisocyanopeptides 
Azide appended polyisocyanopeptides functionalized with tetra ethylene glycol side 
chains were synthesized as described previously. Functional azide monomer (N3), and 
non-functional methoxy monomer (OMe) were mixed in a 1:30 ratio in freshly distilled 
toluene, after which Ni(ClO4)2•6H2O catalyst (dissolved in 9/1 toluene/ethanol) was 
added. The mixture was stirred for 2-3 days before it was precipitated three-fold in di-
isopropyl ether. A catalyst/monomer ratio of 1/10000 was used to obtain polymers with a 
length of approximately 335 nm. 
4.5.2 | Functionalization of DNA with DBCO-PEG4-NHS 
DNA oligonucleotides were obtained from Integrated DNA Technologies in desalted-
only grade and puriﬁed in house using preparative denaturing polyacrylamide gel 
electrophoresis (PAGE; 20%).8 The NH2-modiﬁed DNA (500 µM) was reacted with the 
heterobifunctional reagent DBCO-PEG4-NHS (1.25 mM, Jena Bioscience) in 50 mM borate 
buffer pH 8.5 at 25 °C for 2 hours. The product was puriﬁed using Illustra Microspin G-25 
columns (GE Healthcare). 
4.5.3 | Synthesis of the DNA-functionalized PIC polymer
Stock solutions of the PIC polymer were prepared by dissolving 5 mg mL-1 of azide-
functionalized PIC polymer (13.9 mM monomer) in Milli-Q water. DBCO-functionalized 
DNAs were mixed with the azide-functionalized PIC polymer with 1:50 ratio (125 µM DNA-
DBCO: 6.25 mM PIC monomer) in phosphate buffered saline (PBS, pH 7.4) and incubated 
at 25 °C for 12 hours. Similarily, DNA-PIC polymers with varying densities were prepared 
by mixing DNA-DBCO with N3-PIC in 1:100, 1:200, 1:400, 1:600, 1:800. 
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4.5.4 | Hydrogel preparation
PIC-DNA A and PIC-DNA B were mixed in 1:1 ratio at 4 °C in PBS, 10 mM MgCl2, pH 7.4. 
To induce gel formation, complementary DNA oligonucleotides(DNA C, M1 and M2) were 
added in desired concentrations. The total polymer concentration was 2 mg mL-1 for all 
experiments. 
4.5.5 | Rheology measurements 
Time-sweep oscillatory rheology measurements were carried out with a stress-
controlled rheometer (Discovery HR-1, TA Instruments) using parallel plate geometry 
(40mm diameter; aluminum) and a 200μm gap. All measurements were performed in a 
temperature-controlled environment with oil sealing to minimize sample evaporation. 
Sample volumes were 300 µL. The lag time between hydrogel preparation and start 
of the measurements was approximately 5 minutes. Linear rheology measurements 
were performed at ﬁxed frequency (1 Hz) and strain (2%). For the variable temperature 
rheology experiments, the temperature was ramped at 1 °C min-1. The nonlinear stress-
stiffening proﬁles were investigated using a previously described pre-stress protocol [35]. 
A small oscillatory stress ET was superposed on a constant pre-stress and the resultant 
oscillatory strain (EH) was recorded in a frequency sweep experiment (0.1-10.0 Hz). The 
differential modulus K' (ET/EH) was extracted at a speciﬁc applied pre-stress (T) and 
frequency (1 Hz). The critical stress is deﬁned as the value where m increases by at least 
10 % over its original value.   
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4.6 | Appendix
Figure A.4.1 | Temperature proﬁles of DNA B hybridised with DNA C (black, Tm = 43 °C), DNA M1 
(green, Tm = 21 °C ), and DNA M2 (blue, Tm = 15 °C) in 50 mM Na+, 10 mM MgCl2, 50 μM DNA strand 
concentration. Data werere simulated using IDT biophysics. 
 
Table A.4.1 | Thermodynamic values for different DNA duplexes obtained from IDT biophysics. 
Tm ( °C) ΔG at 37 °C (Kcal/mol)
DNA A DNA B DNA A DNA B
DNA C 45.27 40.93 -10.91 -9.92
DNA M1 45.27 20.54 -10.91 -3.13
DNA M2 45.27 13.94 -10.91 -1.94
Figure A.4.2 | Differential modus (K’) as a function of stress of PIC-DNA hydrogel cross-linked 
with 0.9 equivalents of DNA M1. At 60 °C, the PIC-bundled hydrogel starts to stress stiffen at 
5 Pa, and ruptures above 200 Pa. After cooling down to 30 °C, the DNA cross-linked hydrogel 
stiffens at 0.3 Pa and ruptures below 3 Pa. 
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Figure A.4.3 | Rheological temperature proﬁle of PIC DNA A and B cross-linked with 0.9 eq. of 
DNA C upon raising (30 °C to 60 °C) and lowering (60 °C to 30 °C) the temperature with different 
spacing between the DNAs on the PIC polymers: A) 13 nm, B) 26 nm and C) 52 nm. 
 
 
Figure A.4.4 | Rheological temperature proﬁle of PIC DNA A and B cross-linked with 0.9 eq. of 
DNA C upon raising (30 °C to 60 °C) and lowering (60 °C to 30 °C) the temperature with different 
spacing between the DNAs on the PIC polymers: A) 78 nm and B) 104 nm. 
BA
A B C
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5.1 | Abstract
We present work towards achieving autonomous evolution of DNA-PIC hydrogel 
formation by an enzymatic reaction network. The reaction network consists of two 
linear padlock probes for targeted ligation of DNA templates for circle-to-circle DNA 
ampliﬁcation and site-speciﬁc enzymatic digestions. The reaction network yields DNA 
cross-linkers necessary for hydrogel formation, which evolves under control of the 
network, triggered by a speciﬁc oligonucleotide sequence. The padlock probes are 
designed as dumbbells to ensure easy access of speciﬁc primers and for creation of 
enzyme digestion sites. Intermediate steps as well as the complete enzymatic reaction 
network are validated using rheological and denaturing polyacrylamide-based assays. 
To further demonstrate the versatility and applicability of this work, we adapted the 
platform for detecting microRNA, a well-known biomarker of cellular behavior, and show 
activation of the reaction network using the speciﬁc microRNA sequence let-7a.
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5.2 | Introduction
A cell and its microenvironment stage a symphony of complex interactions, feedback 
loops, and signals for spatio-temporal regulation of cellular behavior and function. Living 
cells are surrounded by an extracellular matrix (ECM), which provides the cell with a 
physical environment to exist and communicate within [1-3]. The ECM is a hydrogel, and 
many of the individual components of the ECM can form hydrogels (e.g., collagen, elastin) 
as well. Hydrogels are made of 3D networks of cross-linked hydrophilic macromolecules, 
which possess the ability to absorb high amounts of water (~90 %). Natural hydrogels 
possess comparable viscoelastic and diffusive transport properties, which can be 
modiﬁed both mechanically and biochemically for obtaining a proper cellular response. 
Synthetic hydrogels, in particular dynamic synthetic hydrogels have been widely 
developed to create artiﬁcial ECMs. Dynamic synthetic hydrogels more closely mimic 
the biological ECM as they are able to respond to external stimuli (pH, ions, enzyme, and 
biomolecules) and have been used to study the intricate biology of cellular interactions 
in user-deﬁned settings [4-10]. Despite signiﬁcant advances in synthesis and design, only 
very few dynamic hydrogels have been developed that autonomously evolve in response 
to user-deﬁned or cellular triggers [11-13]. Furthermore, these hydrogels are not designed 
to evolve autonomously under control of a reaction network activated by a molecular 
trigger, which lies at the heart of cellular complexity. Therefore, with the aim to develop 
sensitive hydrogels that can autonomously evolve by activating a reaction network we 
integrated an DNA-based enzymatic cascade into our DNA-PIC hydrogel network [14-
16]. As a proof of concept, we demonstrate the ability to modulate the bulk mechanical 
properties of the hydrogel in response to nanomolar amounts of a molecular DNA 
stimulus that activates the DNA-based enzymatic reaction network. The network design is 
based on the ampliﬁed synthesis of hydrogel DNA cross-linkers using padlock probes [17], 
circle to circle ampliﬁcation [18] and restriction endonucleases. The enzymatic cascade 
is selectively activated by the molecular trigger, which guides the bulk mechanical 
properties of the PIC-DNA hydrogel by programmed self-assembly. Finally, we adapted 
the platform for detecting microRNA, a well-known biomarker of cellular behavior, and 
show activation of the reaction network using a speciﬁc microRNA sequence. 
5.2 | Results and Discussion
5.2.1 | Circle to Circle Ampliﬁcation
To convert a small stimulus into a macromolecular gelation response we combined 
the concept of PIC-DNA hydrogel formation with an enzymatic cascade based on DNA 
ligation, rolling circle ampliﬁcation (RCA) and DNA digestion by restriction endonucleases. 
Circle-to-circle rolling circle ampliﬁcation [18, 19] with two different circular templates is 
used to generate cross-linker DNA C (28 nucleotides), needed for gelation of the PIC-DNA 
hydrogel (Figure 5.1). Circle-to-circle ampliﬁcation generates single-stranded products 
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of deﬁned polarity, which facilitates hybridisation-based design and prevents inhibition 
by intramolecular hybridization of the padlock probes. Also, two circular templates 
introduce higher speciﬁcity and sensitivity [18, 19], which is achieved by the multiple 
hybridisation events. The DNA sequences used in this study are listed in Table 5.1. The 
Figure 5.1 | Schematic overview showing the series of steps involved in hydrogel formation 
using the circle to circle ampliﬁcation. RCA1 and RCA2 are padlock probes contain HpaII / 
MspI recognition sequences (5’GGCC3’) methylated at different sites. Methylated residues 
are indicated with asterisks. A) Addition of a complementary DNA splint promotes RCA1 
circularization by T4 DNA ligase. Circular RCA1 is subsequently ampliﬁed by \29 DNA polymerase 
and the product is digested by HpaII.  B) The 20-mer product of step (a) serves as a splint for the 
circularization of RCA2 by T4 DNA ligase, which in turn is ampliﬁed by \29 DNA polymerase and 
digested with MspI. C) Cross-linking of PIC-DNA A and PIC-DNA B by the 28-mer DNA C released 
from step (b) results in hydrogel formation.
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enzymatic synthesis cascade includes 4 steps: i) circularization of RCA1 (69 nucleotides) 
using a DNA splint as the initial stimulus, ii) rolling circle ampliﬁcation of RCA1 followed 
by restriction digestion of product DNA, iii) circularization of RCA2 (64 nucleotides) using 
the DNA splint produced by step ii, and iv) rolling circle ampliﬁcation of RCA2 followed by 
restriction digestion of product DNA. The padlock probes RCA1 and RCA2 are designed 
to form dumbbell shapes, with a single stem region connecting two loops as shown in 
Figure 5.2 | A) Analysis of sequential ligation, RCA and HpaII/MspI restriction digestion steps 
for the RCA1 and RCA2 padlock probes over a period of 180 minutes. B) Comparative analysis of 
samples to conﬁrm the enzymatic cascade of the circle-to-circle ampliﬁcation in the presence 
of different concentrations of PIC polymer (0, 1 and 2 mg mL-1), starting from RCA1 and using 
MspI for enzymatic digestion. C: negative control without any primer; S: Reaction in presence 
of primer. Samples were analysed on 15% denaturing PAGE and stained with SYBR gold. C) The 
rheological temperature proﬁle of PIC-DNA A and DNA B cross-linked with a mixture of DNA C 
obtained after enzymatic ampliﬁcation upon raising the temperature from (30 °C to 70 °C) and 
lowering the temperature from (70 °C to 30 °C). 
B
C
A
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Figures 5.1, A.5.1 & A.5.4. The stem region contains the recognition sequence 5’-GGCC-3’ 
for the restriction enzymes HpaII and MspI, which ﬂanks the DNA sequence of interest, 
i.e., splint or cross-linker to be produced (Figures A.5.2, A.5.3 and A.5.4, A.5.5). The ﬁrst 
RCA step followed by enzymatic digestion produces the DNA sequence, which acts as a 
splint and primer for RCA2 circularization and ampliﬁcation. Subsequently, rolling circle 
ampliﬁcation of RCA2 followed by enzymatic digestion produces cross-linker DNA C, 
which hybridizes with the DNA A and DNA B sequences, immobilised on the PIC polymers 
to form a stable hydrogel. The cytosine residues in the restriction enzyme sequences of 
the RCA1 and RCA2 templates are selectively methylated, thus providing resistance to 
either HpaII or MspI. Methylation of the internal cytosine protects against HpaII digestion 
whereas methylation of the external cytidine protects against digestion by HpaII as well 
as MspI. Speciﬁc methylation of the restriction enzyme sequence allows for controlling 
DNA ampliﬁcation from the respective padlock probes. Thus, by adding HpaII to the 
reaction mixture of RCA1 (internal label, HpaII resistant) and RCA2 (external label, HpaII/
MspI resistant) only ampliﬁed products are digested, whereas the addition of MspI 
results in digestion of both the RCA1 template as well as RCA1 and/or RCA2 products.
The RCA1 padlock probe was designed such that 10 nucleotides at either end are 
complementary to the splint, resulting in hybridization and formation of a circular 
template. The linear template carries a phosphate group at the 5′ end, which is necessary 
for ligation by T4 DNA Ligase. As mentioned before, the splint acts as a linker for the 
formation of the circular RCA template as well as a primer for subsequent rolling circle 
ampliﬁcation. The ampliﬁcation reaction is carried out using q29 polymerase, resulting 
in long repetitive single-stranded concatemers containing multiple copies of the 
RCA1 template. After HpaII digestion, the ampliﬁed DNA yields two single-stranded 
DNA products, a 49-mer and a 20-mer oligonucleotide. The 20-mer acts as a splint for 
circularization of the RCA2 template by hybridizing with 10 nucleotides at either end of 
RCA2 and subsequently as a primer for rolling circle ampliﬁcation of RCA2. Rolling circle 
ampliﬁcation of RCA2 in the presence of MspI results in i) restriction digestion of RCA1, 
thus inhibiting further ampliﬁcation from this template, and ii) restriction digestion of 
the RCA product of RCA2. Rolling circle ampliﬁcation of the RCA2 template, followed by 
Msp1 digestion results in the production of 2 linear DNA products, a 36-mer and a 28-
mer, the cross-linker DNA C. Production of circular and digested products from RCA1 or 
RCA2 templates over time was conﬁrmed by denaturing PAGE analysis (Figure 5.2a). HpaII 
digestion of the RCA product of the RCA1 template results in the 49-mer and 20-mer linear 
DNA products. Likewise, using a separate splint DNA oligo to produce circularized RCA2, 
rolling circle ampliﬁcation of RCA2, followed by MspI digestion results in the desired 
36-mer and 28-mer DNAs. Next, successful implementation of the complete enzymatic 
cascade based on the circle-to-circle ampliﬁcation was conﬁrmed (Figure 5.2b). 
Denaturing PAGE analysis shows i) splint circularization of RCA1 in response to adding the 
speciﬁc stimulus, ii) generation of the 20nt splint used for circularization and rolling circle 
ampliﬁcation of RCA2 and ii) formation of the desired 28-mer product, containing the DNA 
C cross-linker sequence needed for hydrogel formation. Finally, the direct inﬂuence of 
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the PIC polymers on product formation through the enzymatic cascade was examined in 
a control experiment. Since PIC is a thermo-responsive polymer, which forms a hydrogel 
above ~35 °C, this can possibly inﬂuence the kinetics of the enzymatic reactions. 
However, adding a PIC at 1 or 2 mg mL-1 during the reaction does not show a signiﬁcant 
effect on the enzymatic cascade (Figure 5.2b).
Next, to demonstrate that we can use the enzymatic reaction network activated by a 
DNA trigger to direct PIC-DNA hydrogel formation we upscaled the procedure using our 
previously published RCA protocol [20]. As demonstrated in our previous work [16] on PIC-
DNA hydrogels, only a few micrograms of DNA C cross-linker (< 5 µM) are necessary gel 
formation of the DNA-PIC hydrogel.  Circle-to-circle ampliﬁcation was carried out at 30 °C 
in a total volume of 1 mL, starting with 50 nM padlock probe RCA1, 25 nM splint, and 50 nM 
padlock probe RCA2. The reaction was terminated after 16 hours by heat inactivation 
and ethanol precipitated. The DNA pellet was resuspended in Milli-Q water, mixed with 
PIC-DNA A and PIC-DNA B (2 mg/ml) and analysed on the rheometer as a function of 
temperature (Figure 5.2c). The rheological analysis revealed that the mixture exhibited 
typical properties of a stable hydrogel with a ﬁnal storage modulus (G’) of ~ 1.5 Pa and a 
lower loss modulus (G’’) of ~ 0.25 Pa (Figure 5.2c, A.5.7). The G’ value of 1.5 Pa suggests 
a cross-linker ratio R of approximately 0.05, corresponding to 2.5 µM cross-linker or ~ 
100 fold ampliﬁcation of the initial DNA stimulus [16]. This is substantially lower than the 
ampliﬁcation numbers observed for puriﬁed systems, which is probably the result of the 
production of the other single-stranded products and remaining linear padlock probes 
that can hybridize to linear multimers and be extended by the polymerase leading to 
accumulation of undesired single- and double-stranded products. Nevertheless, the 
completed protocol clearly demonstrates the activation of the highly speciﬁc enzymatic 
cascade by a very small trigger, resulting in formation of a stable hydrogel. Importantly, 
the trigger can be further modiﬁed to tune the mechanical properties of the hydrogel. 
For instance, the cross-linking step is highly speciﬁc due to the nature of the base pair 
interactions and the resulting mechanical properties are highly dependent on the 
cross-linker sequence and stoichiometry with respect to the target DNA sequences 
immobilized on the PIC polymers [15, 16]. 
5.2.2 | MicroRNA activated Circle-to-Circle Ampliﬁcation. 
Next, to demonstrate the general applicability of the strategy we adapted the platform 
to suite a microRNA as a stimulus for initiating the enzymatic cascade. MicroRNAs are 
a class of endogenous, noncoding small RNA molecules (19–23 nucleotides), which 
play important roles in a wide range of biological processes, including proliferation, 
development, metabolism, immunological response, tumorigenesis, and viral infection.
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Figure 5.3 | A) Schematic overview of the steps involved in circle-to-circle ampliﬁcation using 
let-7a microRNA as stimulus. Ampliﬁcation and restriction digestion from RCA1 and RCA2 
ultimately results in the production of the 28-mer DNA C sequence. B)  Analysis on denaturing 
PAGE for the reactions shown in (a). C refers to the control without a let-7a trigger, S refers to 
the enzymatic cascade initiated by let-7a.
MicroRNA abundance and activity differ with cell type and behaviour, which can be used 
as a cell marker. Due to their analytical potential and diverse roles in cellular behaviour 
and disease, the development of materials that sense and adapt to microRNAs has 
become imperative [21-24]. In this study, the human microRNA lethal-7 (let-7a) was selected 
as a stimulus to initiate the enzymatic cascade. To capture the microRNA in solution two 
complementary DNA oligos, DNA XA and XB were designed (Figure 5.3, Table 5.1). DNA XA 
and DNA XB both contain 11 nucleotides complementary to either end of the microRNA. 
DNA XB is phosphorylated at the 5’-end for efficient ligation using SplintR ligase, which 
ligates two DNA oligos splinted by RNA [25]. In this case, the enzymatic cascade is initiated 
by annealing let-7a and subsequent ligation of the single-stranded DNA XA and DNA XB 
as shown in Figure 5.3a. After digestion of the microRNA using ribonuclease H, the linear 
padlock probe RCA1 can hybridize with 8 complementary nucleotides at either end to 
A
B
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the ligated DNA XA-XB strand, which serves as a splint for subsequent circularization of 
RCA1. To avoid non-speciﬁc ligation events, the remaining unreacted, phosphorylated, 
DNA XB is dephosphorylated by adding thermosensitive alkaline phosphatase. The XA 
and XB sequences were designed with terminal NH2 groups for performing RCA on PIC-
DNA polymers in a multivalent setting. The thermodynamic stabilities of the 8-base 
pair RCA1-XA and -XB interactions are designed such to prevent annealing of individual 
XA or XB sequences prior to ligation to the RCA1 template at 30 °C. The ligated XA-XB 
strand is terminated with an NH2 group on either side, which therefore cannot serve as 
a primer for rolling circle ampliﬁcation. In the same setting, the 17nt DNA EA with a free 
3’OH was designed to hybridise on a different site with the RCA1 template to serve as a 
primer for rolling circle ampliﬁcation. The circle-to-circle ampliﬁcation protocol used 
to generate cross-linker DNA C follows a similar strategy as described above with the 
ampliﬁed RCA1 product activating circularization and ampliﬁcation of RCA2 to produce 
the ﬁnal 28-per product, i.e., cross-linker DNA C. Denaturing PAGE analysis of the samples 
at different intervals conﬁrms successful implementation of the enzymatic cascade 
activated by let-7a microRNA with (Figure 5.3b) i) ligation of DNA XA-XB, ii) circularization 
of RCA1, iii) restriction digestion of ampliﬁed RCA1 product, iv) ligation of RCA2 product 
and v) production of DNA C. The selective activation of the enzymatic cascade by let-7a 
underlays the groundwork for capturing microRNAs on DNA-PIC polymers as initiator for 
guided self-assembly of the PIC-DNA hydrogel. 
5.3 |  MicroRNA Activated Circle-to-Circle Ampliﬁcation 
on PIC polymers. 
To develop highly sensitive and adaptable PIC-DNA hydrogels, we combined the PIC-
DNA polymer platform with enzymatic circle-to-circle ampliﬁcation, using let-7a as 
stimulus. First, two different pairs of DNA functionalized PIC polymers were designed for 
ampliﬁcation and sensing. The ﬁrst pair consists of PIC-DNA-XA/DNA-EA and PIC-XB. As 
described above, DNA XA and DNA XB together contain the complementary sequence to 
capture let-7a. DNA EA is conjugated to one polymer to function as a primer for initiating 
rolling circle ampliﬁcation of circularized RCA1 in a later stage (Figure 5.4a). DNAs XA, EA 
and XB were conjugated to PIC polymers(~ 335nm) using DBCO-azide chemistry with 
different spacings. Using two subsequent conjugation steps with a 1:100 molar ratio of 
either XA or EA DNA monomers to PIC monomers the statistical average spacing between 
adjacent XA and EA DNAs was adjusted to ~6 nm to accommodate the RCA1 interactions 
on the cross-linked pair of polymers. The PIC-XB polymers were prepared, using the 
molar ratio of 1:100 of XB DNA. The second pair of DNA modiﬁed PIC polymers consists 
of PIC-DNA A and PIC-DNA B, where the distance between adjacent DNAs was adjusted 
to ~6 nm using a 1:50 DNA A/B to PIC monomer ratio. The primary role of the ﬁrst pair 
of PIC-DNAs is to capture the microRNA and initiate the DNA ampliﬁcation cascade. The 
second pair of PIC-DNAs functions as a scavenger of the produced DNA C cross-linker for 
hydrogel formation. Circle-to-circle ampliﬁcation was carried out at 30 °C for 16 hours 
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in a total volume of 1 mL using 100 nM let-7, 50 nM padlock probe RCA1, 50 nM RCA2 and 
2 mg/ml of the ﬁrst pair of functionalized PIC polymers. The reaction was terminated 
by heat inactivation, followed by ethanol precipitation, the pellet was resuspended in 
milli-Q water, mixed with the second pair of PIC polymers, functionalised with DNA A 
and DNA B and analysed using rheology. The temperature dependent rheology proﬁle 
clearly indicates the formation of a weak hydrogel with storage modulus (G’) ~ 1 Pa and 
loss modulus (G’’) ~ 0.25 Pa (Figure 5.4c, A.5.8), showing successful implementation of 
the microRNA-activated reaction network. 
 
Figure 5.4 | A) Schematic overview of steps involved in hydrogel formation using microRNA as 
stimulus and DNA XA/EA and XB functionalised PIC polymers. B) Analysis on denaturing PAGE 
for the reactions shown in (a). C) The rheological temperature proﬁle of PIC-DNA A and DNA B 
cross-linked with a mixture of DNA C obtained after enzymatic ampliﬁcation upon raising the 
temperature from (30 °C to 70 °C) and lowering the temperature from (70 °C to 30 °C). 
5.3 | Conclusions
In summary, we have designed an enzymatic reaction network that can be activated by a 
selective DNA or RNA oligonucleotide for pre-programmed gelation of DNA-PIC hydrogel 
networks. The enzymatic reaction network is based on isothermal DNA ampliﬁcation and 
digestion by restriction endonucleases. High speciﬁcity for the input oligonucleotides for 
A
B C
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activating the network as well as the output oligonucleotides for gel formation is achieved 
using circle-to-circle ampliﬁcation. Controlled production of stoichiometries and proper 
choice of the output DNA can be used to control the bulk mechanical properties of the 
resulting hydrogel. Further improvements that prevent accumulation or formation of 
inhibiting ssDNAs that accumulate during the enzymatic reaction network should allow 
for higher ampliﬁcation yields for generating hydrogels with higher stiffness as well 
as for the development of a truly autonomous reaction network without the need for 
intermediate treatments. Thus, the platform can be extended further to accommodate 
interesting applications, such as the development of artiﬁcial signalling pathways of 
mechanotransduction or biomimetic ECM hydrogels with directed and localized stiffness. 
5.4 | Experimental Section
5.4.1 | Materials
DNA oligonucleotides were purchased from Integrated DNA Technologies (USA). T4 DNA 
Ligase and Fast Alkaline Phosphatase were purchased from Fisher Scientiﬁc. SplintR 
Ligase, RNase H and restriction enzymes ApaI, Pst1, MspI and HpaII were from New 
England Biolabs (NEB). q29 polymerase (~1000 units/ul) was produced in-house (see 
Supporting Information). A 40% acrylamide: bisacrylamide (19:1) ready-to-use solution 
was from Merck and the heterobifunctional reagent DBCO-PEG4-NHS was from Jena 
Biosciences. All other chemicals were purchased from Sigma–Aldrich unless mentioned 
otherwise.
5.4.2 | Synthesis of Azide Functionalized PIC polymers
Azide-appended polyisocyanopeptide polymers functionalized with tetra ethylene glycol 
side chains were synthesized as described previously [16, 26]. Azide-appended monomers 
(N3) and non-functionalized methoxy monomers (OMe) were mixed in a 1:30 ratio in freshly 
distilled toluene, after which Ni(ClO4)2•6H2O catalyst (dissolved in 9:1 toluene: ethanol) 
was added. The mixture was stirred for 2–3 days before it was precipitated 3-fold in the di-
isopropyl ether. A catalyst/monomer ratio of 1/10000 was used to obtain polymers with a 
length of approximately 335 nm.
5.4.3 | Synthesis of DNA Functionalized PIC Polymers
DNA oligonucleotides obtained in desalted-only grades were puriﬁed in-house using 
preparative denaturing polyacrylamide gel electrophoresis (PAGE; 20%). The NH2-
modiﬁed DNA (500 μM) was mixed with DBCO-PEG4-NHS (1.25 mM) in 50 mM borate 
buffer pH 8.5 at 25 °C for 2 hours. The product was puriﬁed using Illustra Microspin G-25 
columns (GE Healthcare). Stock solutions of PIC polymer were prepared by dissolving 
azide-functionalized PIC polymer to 5 mg mL–1 (13.9 mM monomer) in Milli-Q water. DBCO-
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functionalized DNA was mixed with the azide-functionalized PIC polymer in a 1:50 ratio 
(125 μM DNA-DBCO:6.25 mM PIC monomer) in phosphate buffered saline (PBS, pH 7.4) and 
incubated at 25 °C for 12 hours in a Thermomixer (Eppendorf) at 300 rpm.  To prepare PIC-
DNA EA/DNA XA, 1:100 ratios for both DNA monomers (62.5 μM DNA-DBCO:6.25 mM PIC 
monomer) were used during the functionalization of PIC. 
5.4.4 | Preparation of Linear Padlock Probes
To prepare padlock probes with clean 5’ and 3’ ends, Pre-RCA1 and Pre-RCA2 were 
hybridized with digestion oligonucleotides in a 1:1 ratio at a concentration of 1 μM and 
enzymatically digested overnight at 30°C in CutSmart buffer (NEB) using PstI and ApaI 
(0.5 units/µl), respectively, to yield homogeneous 5’ ends with a phosphate group. The 
digestion reaction was terminated by incubation at 65°C for 15 minutes. The DNA mixture 
was 0,22 μm ﬁltered, ethanol precipitated, dissolved in 300 μl Milli-Q water and mixed with 
an equal volume of loading buffer (50 mM Na2EDTA in formamide, 0.02% bromophenol 
blue, and 0.02% xylene cyanol). The DNA mixture was heated (95°C, 5 min) and loaded on 
a preparative polyacrylamide gel (10%, 1x TBE, 8 M urea, 19 x 18 x 0.15 cm). Electrophoresis 
(600 V) was carried out until the bromophenol blue band reached the bottom of the gel. 
The product DNA was visualized by UV shadowing on a TLC plate and excised from the 
gel. Gel slices were crushed, soaked and DNA was eluted (TE Buffer, room temperature, 
overnight). The eluted DNA was concentrated using a ResourceQ 1 ml column connected 
to a Åkta Basic (GE Healthcare), DNA containing fractions were ethanol precipitated and 
re-dissolved in Milli-Q water. 
5.4.5 | Circle-to-circle DNA Ampliﬁcation 
Circular RCA1 template was prepared by hybridizing 50 nM padlock probes with 25 nM 
splint for RCA1 in q29 polymerase buffer (100 µL, 50 mM Tris•HCl, pH 7.5, 10 mM MgCl2, 
20 mM (NH4)2SO4), 10 mM DTT and 1 mM ATP, after which T4 DNA ligase (0.1 U/μl) was 
added. Ligation was carried out at 30°C for 60 min. The circularized RCA1 template was 
ampliﬁed in q29 polymerase buffer with 0.2 mM dNTP, 0.2 mM DTT and 10 U/ul of q29 
DNA polymerase at 30°C for 4 hours. Starting with the RCA1 template, ampliﬁcation 
was combined with restriction digestion of ampliﬁed product using 0.1 U/μl HpaII. The 
ampliﬁcation reactions were terminated by incubation for 5 min at 65°C. To digest the 
circular RCA1 template and further digest the ampliﬁcation products, 0.1 U/μl MspI in q29 
polymerase buffer was added, followed by incubation at 30°C for 60 min and inactivation 
at 65°C for 5 min. Digested RCA1 products served as hybridization splints to promote 
RCA2 (50 nM) ligation. T4 DNA ligase (0.1 U/μl) in q29 polymerase buffer with 1 mM ATP 
was added and incubated for 60 mins at 30°C. The ampliﬁcation reaction was conducted 
similar as described above, but HpaII was replaced with MspI (0.1 U/μl). 
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5.4.6 | MicroRNA Activated Circle-to-Circle Ampliﬁcation in Solution 
MicroRNA let-7a was used as a splint to ligate DNA XA (20 µM) and 5’P-XB (2 µM) in q29 
polymerase buffer supplemented with 10 mM DTT, 1 mM ATP and 0.1 U/µl of SplintR Ligase 
at 30°C for 120 mins. RNase H and Fast Alkaline phosphatase in q29 polymerase buffer 
were added to 0.1 U/µl and the mixture was further incubated at 30°C for 60 mins. The 
reaction was terminated at 65°C for 5 mins. Ligated DNA XA-XB served as hybridization 
splint to circularize padlock probe RCA1 by supplementing the reaction mixture with 5 
mM NAD+ and 0.2 U/μl Ampligase (30°C, 90 min). Circularized RCA1 was ampliﬁed using 
DNA EA as primer similarly as described above by relaying the product to ligate and 
further amplify RCA2. 
5.4.7 | MicroRNA Activated Circle-to-Circle Ampliﬁcation on PIC Polymers 
PIC-DNA EA/XA and PIC-DNA XB in a 10:1 ratio were mixed together with microRNA (100 
nM) at 30°C. The PIC concentration was maintained at ~ 2 mg/mL, with DNA EA/XA ~ 20 
µM and DNA XB ~ 2 µM. MicroRNA assisted ligation of DNA XA and XB on PIC and circle-to-
circle ampliﬁcation were carried out as described above. 
5.4.8 | Hydrogel Formation
To induce gel formation, the precipitated mixture from RCA2 ampliﬁcation after Msp1 
digestion was mixed with PIC-DNA A and PIC-DNA B conjugates (2 mg/ml) in q29 Buffer, 
pH 7.4.
5.4.9 | Rheological Characterisation 
Time-sweep oscillatory rheology measurements were carried out with a stress-
controlled rheometer (Discovery HR-1, TA Instruments) using parallel plate geometry 
(40 mm diameter; aluminium) and a 200 μm gap. All measurements were performed in 
a temperature-controlled environment with oil sealing to minimize sample evaporation. 
Sample volumes were 300 μL. The lag time between hydrogel preparation and the start 
of the measurements was approximately 5 min. Linear rheology measurements were 
performed at a ﬁxed frequency (1 Hz) and strain (2%). For the variable temperature 
rheology experiments, the temperature was ramped at 1 °C min–1. 
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Table 5.1 | DNA sequences used in this study
Oligonucleotide Sequence (5’--> 3’)
Sequences used on the PIC polymers
DNA A NH2-TTT TTT TCA ACA TCA GT
DNA B CTG ATA AGC TAT TTT TT-NH2
DNA C TAG CTT ATC AGA CTG ATG TTG A
DNA XA NH2-TTT TTT AAC TAT ACA AC
DNA XB P-CTA CTA CCT CA TTT TTT-NH2
Let 7a microRNA UGA GG U AGU AG G UUG UAU AGU U
DNA EA NH2-TTT TTT GAC AAA TCA GT
Sequences used for Circle-to-Circle Ampliﬁcation
Pre-RCA 1 CGA CTC TCT GCA GTT GTA TAT GCA CTG ATT TGT CGA A TC/
m5C/ GGT CGT TTG TTG GAT GGA C/m5C/GG ATA TGT GTT 
CTG GTA GTA G
Digestion oligo for Pre-RCA1 CAT ATA CAA CTG CAG AGA GTC G
RCA1 GTT GTA TAT GCA CTG ATT TGT CGA A TC/m5C/ GGT CGT TTG 
TTG GAT GGA C/m5C/GG AT ATG TGT TCTG GTA GTAG
Splint for RCA 1 CA TAT ACA AC CTA CTA CC AG
Pre- RCA2 CGA CTC TCTG CA GGA TGG ACC GCGTATT TA  /m5C/CG GTA TCA 
ACA TCA GTC TGA TAA GCT A /m5C/CG G TATT GTC GTT TGT T
Digestion oligo for Pre- RCA2 GCG GTC CAT CCT GCA GAG AGT CG
RCA2 GGA TGG ACC GCGTATT TA /m5C/CG GTA TCA ACA TCA GTC TGA 
TAA GCT A /m5C/CG G TATT GTC GTT TGT T
Splint for RCA2 C GGT CCA TCC AAC AAA CGA C
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5.5 | Appendix
Cloning, expression and puriﬁcation of \29 DNA polymerase
The gene for q29 DNA polymerase was ampliﬁed from a stock of q29 phages by PCR 
using the gene-speciﬁc primers ‘ACCATGGATCCCATATGCCGAGAAAGATGTA- TAG3’ 
and 5’ACCATGAATTCTCGAGTTATTTGATTGTGAATGTG3’. Bold sequences represent 
NdeI and EcoRI restriction sites for directional cloning and the underlined sequence 
represents the stop codon. Partial NdeI and full EcoRI digest of the PCR product was 
ligated into a pET28a vector (Novagen) introducing a His6-tag at the N-terminus of the 
enzyme. E.coli Bl21 (DE3) was transformed with plasmid pq29DNAP and cultivated in LB 
media containing 50 μg/ml kanamycin at 37°C according to standard methods. A 3 litre 
q29 DNA polymerase expression was carried out in 2 liter baffled Erlenmeyer ﬂasks each 
containing 1 liter of LB + 50 μg/ml kanamycin. Each 1 liter LB media was inoculated with 
a 25 ml overnight starter culture and grown at 37°C and 225 rpm shaking to an OD600 of 
~0.8. IPTG was added to 1 mM and cultivation was continued for another 3 hours. Cells 
were harvested by centrifugation at 5000 rpm, 4°C, 10 minutes in a Beckman JA-10 rotor. 
Cells were resuspended in ice-cold lysis buffer (25 mM Tris-HCl (pH7.5), 0.5% Tween-20, 
0.5% Nonidet P-40 substitute, 5% glycerol, 20 μg/ml PMSF, 5 mM `-mercaptoethanol, 1 
mM EDTA and 100 μg/ml lysozyme) and sonicated 10 cycles, each cycle consisting of 30 
seconds at 10 micron amplitude sonication and 1 minute chill on ice. MgCl2 was added to 
2.5 mM, CaCl2 to 0.5 mM and DNAseI to 2 U/ml and the lysate was stirred for 10 minutes 
at room temperature. Imidazol was added to 20 mM, EDTA to 12 mM and NaCl to 300 mM 
and the lysate was then centrifuged for 30 minutes at 15000 rpm, 4°C in a Beckman JA-
20 rotor. The supernatant was loaded onto a HisTrap HP Sepharose column (5 ml, GE 
Healthcare) pre-equilibrated in column buffer (25 mM Tris-HCl (pH7.5), 0.5% Tween-20, 
0.5% Nonidet P-40 substitute, 5% glycerol, 5 mM `-mercaptoethanol, 20 mM imidazol 
and 300 mM NaCl). Aspeciﬁc bound proteins were washed off with 25 ml of washing buffer 
(column buffer + 50 mM imidazol) and bound q29 DNA polymerase was eluted in fractions 
of 1 ml with elution buffer (column buffer + 300 mM imidazol). Fractions were assessed 
on SDS-PAGE for q29DNA polymerase content and those selected were brought in 50 
ml of nuclease treatment buffer (25 mM Tris-HCl (pH7.5), 0.5% Tween-20, 0.5% Nonidet 
P-40 substitute, 5% glycerol, 5 mM `-mercaptoethanol, 2.5 mM MgCl2, 0.5 mM CaCl2, 
100 U DNAseI, 200 U exonuclease I and 200 U RNAseI) and stirred for 10 minutes at room 
temperature. EDTA was added to 3 mM and NaCl to 300 mM and the HisTrap HP Sepharose 
column puriﬁcation was repeated on a freshly regenerated column. Protein containing 
fractions were pooled and dialyzed overnight against 1 liter of dialysis buffer (50 mM Tris-
HCl (pH7.5), 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 0.5% Tween-20, 0.5% Nonidet P-40 
substitute and 50% glycerol) at 4°C. The q29 DNA polymerase isolate was aliquoted and 
stored at -20°C. Activity of the isolate was assessed by comparing product DNA yields 
relative to a commercial isolate.
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Figure A.5.1 | Secondary structure model of the linear RCA1 padlock probe indicating formation 
of stable dumbbell probe with accessible MspI and HpaII restriction enzyme digestion sites. 
Figure A.5.2 | Secondary structure model of a monomer of the copied (complementary) linear 
RCA1 padlock probe indicating the formation of stable dumbbell probe with accessible MspI 
and HpaII restriction digestion sites. 
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Figure A.5.3 | Secondary structure model of 10 copies of the RCA1 template, indicating the 
formation of stable accessible MspI and HpaII restriction digestion sites. 
 
Figure A.5.4 | Secondary structure model of the linear RCA2 padlock probe indicating the 
formation of stable dumbbell probe with accessible MspI and HpaII restriction digestion sites. 
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Figure A.5.5 | Secondary structure model of the copied (complimentary) linear RCA2 padlock 
probe indicating the formation of stable dumbbell probe with accessible MspI and HpaII 
restriction enzyme digestion sites. 
Figure A.5.6 | Secondary structure model of 10 copies of the RCA2 template, indicating the 
formation of stable accessible MspI and HpaII restriction digestion sites. 
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Figure A.5.7 | Frequency-dependent rheological analysis of PIC-DNA hydrogels cross-linked 
with product DNA C, over a range of frequencies (10-1 to 10 Hz). Measurements were performed 
at 30 °C in q29 buffer pH 7.4, with 2.0 mg mL-1 PIC polymer.
 
Figure A.5.8 | Frequency-dependent rheological analysis of PIC-DNA hydrogels cross-linked 
with product DNA C with microRNA as a trigger, over a range of frequencies (10-1 to 10 Hz) 
initiated by microRNA. Measurements were performed at 30 °C in q29 buffer pH 7.4, with 2.0 mg 
mL-1 PIC polymer.
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The results in this thesis present DNA responsive PIC hydrogels as a new class of 
multi-functional hydrogels for developing biomaterials with user-deﬁned physical and 
biochemical cues. We extensively focussed on development, characterisation and 
applications of DNA responsive PIC hydrogels. In this outlook, we discuss the unique 
aspects of this novel DNA-PIC hydrogels and their potential for future applications. 
6.1 | General Conclusions
Currently, the ﬁeld of biomaterials is focussed on the development of materials which can 
mimic the biochemical and physical properties of natural materials. Polymeric hydrogels 
represent an important class of watery biomaterials possessing broadly tunable 
physiochemical properties. Furthermore, a class of polymeric hydrogels often referred 
to as hybrid hydrogels offer more possibilities by combining properties of two or more 
polymers, thereby enabling more robust tuning of phase transitions, viscoelasticity and 
porous structures. One example of a hybrid hydrogel are DNA hybrid hydrogels, which offer 
new possibilities for the development of hydrogels in user-deﬁned combinations of polymer 
and DNA. Most of previous published work is based on developing DNA hybrid hydrogels 
using polyacrylamide and polyethylene glycol (PEG) [1-3]. In chapter 2, we demonstrate 
the design and development of DNA directed assembly of polysiocyanopeptide (PIC) 
polymers. The DNA-PIC hydrogels, despite being fully synthetic, closely resemble natural 
hydrogels and are governed dynamically by the interplay between the bio-responsive 
DNA and thermo-responsive PIC. The bio-responsive ability of DNA allows for a rich tool-
set of biological enzymes and biomolecules to control the structure and functionality of 
DNA-PIC hydrogels. While there are many similarities between assemblies of DNA hybrid 
hydrogels, several important differences exist; i) a PIC-DNA hydrogel exhibits a unique 
ability to stress stiffen in response to mechanical stress/strain, ii) the synthetic nature of 
PICs allows a higher degree of control over the length of the polymer and cross-linking 
densities of DNA and iii) the hydrogels are highly sensitive and require only 5 pmoles/µl 
DNA cross-linker (~ 100 fold more sensitive than other reported DNA hybrid hydrogels) 
to induce a change in phase transition as well as in the mechanical properties [1, 4, 5]. In 
chapter 3 and 4 we demonstrate how the molecular structure, length, and thermodynamic 
stability of DNA have an impact on the resulting physical properties of the hydrogel. In 
chapter 5 the genetic and material properties of DNA are combined, and we put forward 
a possibility for developing materials that can evolve over a period of time. The material 
evolves through the enzymatic synthesis of DNA cross-linkers, triggered by the presence 
of a microRNA. The enzymatic synthesis is based on the combination of 2 padlock probes, 
DNA polymerase and restriction endonucleases. This proof of concept lays the foundation 
for developing autonomous hydrogels. Our design strategies allow complete accessibility 
for the development of bio-responsive and multifunctional biomaterials for real-world 
applications. Considering the versatility of DNA based hydrogels, the fundamental 
understanding of these materials is expected to improve the design of new biomaterials 
for analytical and biomedical applications. 
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6.2 | Future perspectives
The natural extension of the work presented in this thesis would be to investigate 
the mechanical properties of DNA-PIC hydrogels at micro length scale using micro-
rheological techniques over a broad range of frequencies and temperatures. A 
deeper understanding of fundamental physics and the correlation between bulk and 
micromechanical properties would provide a precise control over the structural stability 
and rigidity at the molecular level. 
Another important aspect to be considered while developing these hydrogels is to 
investigate the self-healing phenomenon in detail. PIC polymers show stress stiffening 
properties which are completely different from the shear-thinning or self-healing, but 
previous studies with DNA-based materials has demonstrated this self-healing ability 
[6]. Our preliminary studies using DNA sequences presented in Chapter 2 also indicate a 
recovery of nearly 30% from the high strain (100%). The possibility of combining stress 
stiffening and self-healing, as well as the ability to control the stiffness of the hydrogels by 
external triggers, provide means to dictate switchable stress properties thereby allowing 
the development of materials exhibiting reversible, stimuli-responsive, mechanical 
properties, such as, bending and shape changing hydrogels. As we demonstrated in 
chapter 2, 3 and 4, a single DNA cross-linker has the potential of combining properties 
of multiple cross-linkers. The same can be implemented in the hydrogels. Hydrogels 
with multiple DNA cross-linkers possessing different thermodynamic stabilities and 
molecular structures will aid in the development of therapeutic hydrogels which have the 
potential to govern the mechanical properties in response to external stimuli as well as 
the release of drugs, biomolecules or therapeutic nucleic acids (siRNA). 
Beyond diagnostic and therapeutic applications, we could imagine synthetic DNA 
hydrogels that integrate motors, logic, structural elements and other features to control 
and interrogate cellular behaviour in time and space. Thus, to realize the full potential and 
overcome the challenges of such hydrogels, it is necessary to perform in vivo studies to 
further understand the behaviour of these hydrogels. These studies will help to determine 
the safety and efficacy of these hydrogels and will lay the foundation for further clinical 
applications. While developing DNA based materials for in vivo studies, the following 
points of attention should be considered: i) certain DNA sequences (e.g.  CpG motifs) are 
known as immune-stimulatory agents [7], ii) the pharmacokinetics and biodistribution 
of these materials needs to be understood, iii) the necessity of selective uptake, while 
inhibiting the non-selective uptake for non-targeted cells [8, 9], iv) the stability of DNA 
sequences with respect to ionic concentrations of >10 mM MgCl2, v) resistance to 
nuclease degradation by incorporation of phosphorothioate bonds instead of the natural 
phosphodiester bonds [10], the use of peptide nucleic acid (PNA) [11] and locked nucleic 
acids (LNA) [12]. Given the progress that has been achieved recently, it is imperative that 
DNA hybrid hydrogels will become a useful complement tool in addition to the traditional 
approaches for manipulating and controlling biological processes and information ﬂows.
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Summary
 
Polymeric biomaterials are increasingly becoming important elements in modern 
day healthcare, not only for their applications in biosensing, drug delivery and tissue 
engineering but also for providing more fundamental insights into cells and their 
microenvironment. Natural materials like actin, collagen, or ﬁbrin function as a mesh 
to keep cells together and interact with cells by a combination of biochemical and 
mechanical signals. These materials also possess a unique property called stress 
stiffening, which means that they stiffen upon an applied external force to prevent further 
deformation. The property to stress stiffen is very rarely exhibited by synthetic polymeric 
materials due to their relative complex architecture and assembly as compared to 
natural biopolymers. Hydrogels based on polyisocyanopeptides (PIC) are one of the 
few synthetic polymers that exhibit this unique ability. PICs are semi-ﬂexible polymers 
and are also thermo-responsive. When they are heated to a certain temperature they 
form a hydrogel via formation of a network of polymer bundles. Despite the unique 
display of stress stiffening and thermo-responsive gelation, these polymers lack multi-
functionality, i.e. the ability to respond to diverse stimuli (like pH, biomolecules). The work 
in this thesis describes further development and applications of these PICs by modifying 
sidechains of the polymer with DNA oligonucleotides. 
Chapter 1 introduces the current state of biomaterials, discusses the key properties 
of the extra-cellular matrix (ECM) and further highlights the design and development of 
hydrogels as ideal candidates to mimic the properties of the ECM. Hydrogels are usually 
formed by covalent or non-covalent assembly. Non-covalent assembly allows for the 
development of dynamic interactions which can be tuned with respect to external stimuli 
like pH, temperature or light. These interactions need to be ﬁne-tuned with extraordinary 
precision: excessively strong interactions will result in uncontrolled aggregation, but too 
weak or randomly placed interactions will fail to induce hydrogel assembly. DNA, apart 
from its biological function, has a unique self-assembling ability and is biocompatible as 
well as ﬂexible. The interaction between DNA strands, driven by the ensuing hybridization 
of complementary base pairs, is far better understood and thus provides a very ﬂexible 
yet general building block for the design of self-assembled materials. The chapter 
concludes by listing the various reported DNA-based hydrogels and their applications to 
highlight the potential areas for their development.  
In Chapter 2 the design and development of DNA responsive PIC hydrogels with stress 
stiffening capacity is described. Tetra (ethylene glycol) grafted PICs functionalized 
with azide groups are conjugated with DNA oligonucleotides by strain promoted 
click chemistry. PICs functionalized with DNAs are cross-linked using a bridging 
complementary DNA oligonucleotide. The mechanical properties of this novel hydrogel 
were characterized by rheology. The rheological characterization reveals DNA base-
pairing as driving force for hydrogel formation and tuning the mechanical properties like 
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the storage modulus G’ and stress stiffening parameter . The DNA-PIC hydrogel exhibits 
mechanical properties like natural cross-linked biopolymer networks like actin, ﬁbrin, or 
intermediate ﬁlaments. Lastly, by leveraging DNA toehold strategy the hydrogel can be 
equipped with the dynamic ability to soften or stiffen. 
In Chapter 3, an important aspect of biological supramolecular materials is addressed, 
i.e. its ability to adapt macroscopic properties in response to environmental cues. We 
demonstrate the further development of our DNA responsive PIC hydrogels, particularly 
the contribution of DNA as a structural element in the hydrogel formation. Here the 
DNA-PIC hydrogels are cross-linked by the DNA i-motif, which acts as an H+-dependent 
spring that contracts in the presence of H+ and extends in the absence of H+. In an acidic 
environment, the i-motif contracts due to the formation of a quaternary structure, which 
changes the mechanical properties of the hydrogel, the onset of stress-stiffening. Similar 
behaviour is shown for a hydrogel in which a DNA triple helix is formed in response to 
lowering the pH. Lastly, we demonstrate the speciﬁcity and applicability of these 
adaptable DNA-PIC hydrogels using a DNA aptamer responsive to the ligand thrombin, a 
protein commonly involved in blood coagulation.
In Chapter 4 the delicate interplay between the thermo-responsive PIC gelation and 
gelation by DNA cross-linking is further characterized. A unique gel-sol-gel transition is 
exhibited by interplaying with the thermodynamic stabilities of the cross-linking DNAs. 
The two gel phases exhibit contrasting mechanical properties, in particular concerning 
the stress stiffening properties, which further demonstrates the versatility of the DNA-
PIC hydrogel tool box. 
Work towards achieving autonomous evolution of the DNA-PIC hydrogel by an enzymatic 
cascade is described in Chapter 5. The enzymatic cascade involves isothermal DNA 
ampliﬁcation - called rolling circle ampliﬁcation - from circular DNA templates and speciﬁc 
cleavage using restriction endonucleases. Furthermore, rolling circle ampliﬁcation 
is employed with two circular DNA templates to allow for more robust control over the 
enzymatic cascade. The enzymatic cascade yields the DNA cross-links necessary for 
hydrogel formation, which starts to evolve after the cascade is triggered by a speciﬁc 
oligonucleotide sequence. Intermediate steps, as well as the entire enzymatic cascade, 
were validated using denaturing polyacrylamide gel electrophoresis and rheology. The 
preliminary results conﬁrm proof of concept and pave the way for further development of 
hydrogels that autonomously evolve using a microRNA trigger. 
Chapter 6 of this thesis puts the current ﬁndings from this work in general context 
regarding the development of biomaterials. It summarizes important ﬁndings and 
highlights possible future directions. Overall, this thesis shows that multifunctional 
DNA-PIC hydrogels possess the ability to closely mimic the biochemical and mechanical 
properties of natural polymeric materials, which paves the way for further development 
and usage in fundamental and applied sciences.  
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Samenvatting
 
Biologische polymere materialen vervullen een steeds belangrijkere rol in de moderne 
gezondheidszorg. Ze worden onder andere gebruikt als biosensoren, voor het aﬂeveren 
van medicijnen op de juiste locatie, voor het construeren en manipuleren van weefsels, 
maar ook om fundamentele inzichten te verkrijgen in de werking van cellen en hun 
micro-omgeving. Natuurlijke materialen zoals actine, collageen en ﬁbrine functioneren 
als een ﬁjn netwerk dat cellen bij elkaar houdt en zorgen voor interactie tussen cellen 
middels een combinatie van biochemische en mechanische signalen. Deze materialen 
bezitten ook de unieke eigenschap om te verstijven onder invloed van stress, wat 
betekent dat ze kunnen verstijven zodra er een externe kracht (stress) op uitgeoefend 
wordt om verdere vervorming te voorkomen. Hoewel dit gebruikelijk is voor natuurlijke 
polymeren is de eigenschap om te verstijven onder stress een zeldzaam fenomeen voor 
synthetisch vervaardigde polymere materialen wat voornamelijk het gevolg is van de 
relatief complexe architectuur en samenstelling. Hydrogels gemaakt van polyisocyano 
peptiden (PIC) zijn één van de weinige soorten synthetische polymeren die deze unieke 
eigenschap wel bezitten. Deze PIC polymeren zijn semi-ﬂexibel en bezitten bijzondere 
temperatuurafhankelijke eigenschappen waardoor ze boven een bepaalde temperatuur 
overgaan in een hydrogel door de vorming van een netwerk van gebundelde polymeren. 
Ondanks het unieke vermogen om te verstijven onder stress en te geleren bij verhogen van 
de temperatuur ontbreekt het deze polymeren aan multifunctionaliteit om te reageren 
op diverse stimuli, zoals bijvoorbeeld de zuurgraad of de aanwezigheid van andere 
biomoleculen. Dit proefschrift beschrijft de ontwikkeling en toepassingen van dergelijke 
functionele PIC polymeren door de zijketens te modiﬁceren met DNA oligonucleotiden.
Hoofdstuk 1 geeft een overzicht van de huidige staat van biomaterialen en geeft 
een beschrijving van de belangrijkste eigenschappen van de extracellulaire matrix. 
Tevens wordt het ontwerp en de toepassingen van hydrogels beschreven wat 
duidelijk maakt waarom hydrogels ideale platforms zijn om de eigenschappen van 
de extracellulaire matrix na te bootsen. Gewoonlijk worden hydrogels gevormd door 
middel van covalente of niet-covalente assemblage. Niet-covalente assemblage 
maakt de ontwikkeling van dynamische interacties mogelijk die gevoelig zijn voor 
externe stimuli zoals pH, temperatuur of licht. Deze interacties moeten echter met 
buitengewone precisie afgesteld worden. Bovenmatig sterke interacties kunnen 
resulteren in ongecontroleerde aggregatie en te zwakke of willekeurige interacties 
kunnen resulteren de vorming van de hydrogel tegengaan. DNA heeft, afgezien van een 
biologische functie, de unieke mogelijkheid om zichzelf te assembleren, is compatibel 
met biologische systemen en extreem ﬂexibel. De interactie tussen twee DNA strengen, 
gedreven door de achtereenvolgende hybridisatie van complementaire basenparen, is 
goed gekarakteriseerd en voorspelbaar. Dit maakt DNA een zeer ﬂexibele en reguliere 
bouwsteen voor het ontwerpen van zelfassemblerende materialen. Om de mogelijkheden 
voor de ontwikkeling van hydrogels met DNA als bouwsteen verder toe te lichten wordt 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 134
SUMMARY | SAMENVATTING
134
het hoofdstuk afgesloten met een opsomming van diverse, eerder beschreven DNA 
hydrogels en hun toepassingen.  
In Hoofdstuk 2 wordt het ontwerp en de vervaardiging van DNA afhankelijke PIC 
hydrogels beschreven die kunnen verstijven onder stress. PICs voorzien van 
tetraethyleenglycol zijketens, gefunctionaliseerd met azide groepen zijn geconjugeerd 
met DNA oligonucleotiden door middel van klikchemie. De DNA gefunctionaliseerde 
PICs zijn vervolgens gecrosslinkt middels overbruggende complementaire DNA 
oligonucleotide. De mechanische eigenschappen van deze nieuwe klasse hydrogel zijn 
gekarakteriseerd met behulp van rheologie. Rheologische karakterisering onthulde dat 
DNA basenparing de drijvende kracht is van de hydrogel vorming en voor het afstemmen 
van de mechanische eigenschappen. De DNA-PIC hydrogel vertoont mechanische 
eigenschappen vergelijkbaar met netwerken van natuurlijke gecrosslinkte biopolymeren 
zoals actine, ﬁbrine en intermediaire ﬁlamenten. Als laatste wordt beschreven hoe door 
het toepassen van de zogenaamde DNA toehold strategie de hydrogel gericht zachter of 
harder gemaakt kan worden. 
In Hoofdstuk 3 wordt ingegaan op de mogelijkheid van biologische supramoleculaire 
materialen om macroscopische veranderingen te ondergaan onder invloed van een 
omgevingssignaal. Hiervoor zijn de DNA-PIC hydrogels gecrosslinkt met het DNA 
i-motief dat zich gedraagt als een veer die samentrekt in de aanwezigheid van H+ en zich 
uitstrekt in de afwezigheid van H+. Deze structurele verandering heeft direct invloed op 
de mechanische eigenschappen van de hydrogel. In een zure omgeving trekt het i-motief 
zich samen door de vorming van een quaternaire structuur waardoor de mechanische 
eigenschappen van de hydrogel veranderen. Een vergelijkbaar gedrag wordt getoond 
voor een hydrogel waarin een drievoudige helix wordt gevormd als gevolg van een pH 
verlaging. Als laatste wordt de speciﬁciteit en toepasbaarheid van zulke adaptieve DNA-
PIC hydrogels gedemonstreerd door het gebruik van een DNA aptameer speciﬁek voor 
het ligand  thrombine, een eiwit dat betrokken is bij de samenklontering van bloed.
In Hoofdstuk 4 wordt het delicate samenspel tussen de temperatuurafhankelijke PIC 
gelering en DNA crosslinking verder gekarakteriseerd. Er wordt een unieke gel-sol-
gel overgang verkregen door te spelen met de thermodynamische stabiliteiten van 
verschillende DNAs. De twee gelfasen, gecontroleerd door de thermodynamische 
stabiliteit van de DNA crosslinkers vertonen complementaire mechanische 
eigenschappen wat wederom de veelzijdigheid van de PIC-DNA hydrogel toolbox 
aantoont. 
Tot dusver werden in het proefschrift DNA-PIC hydrogels gevormd d.m.v. toevoeging 
van stoichiometrische hoeveelheden van de DNA crosslinkers. In Hoofdstuk 5 wordt 
ingegaan op de autonome evolutie van de DNA-PIC hydrogel d.m.v. een enzymatisch 
netwerk. De vorming van de DNA-PIC hydrogel wordt bewerkstelligd middels een zeer 
speciﬁeke en gevoelige cascade van enzymatische reacties. De enzymatische cascade 
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omvat een isotherme DNA ampliﬁcatie, zogenaamde rolling circle ampliﬁcation, waarbij 
een circulaire DNA matrijs wordt gekopieerd in een lang enkelstrengs DNA molecuul 
met meerdere kopieën van de originele matrijs, die vervolgens m.b.v. restrictie enzymen 
speciﬁek worden geknipt in het gewenste eindproduct. Voor de rolling circle ampliﬁcation 
is een combinatie van twee verschillende circulaire DNA matrijzen gebruikt om robuuste 
controle te verkrijgen over de enzymatische cascade van reacties. Het eindproduct 
van de enzymatische cascade fungeert als crosslinker voor vorming van de DNA-PIC 
hydrogel. De gevormde DNA producten in iedere stap van de cascade zijn door middel 
van denaturerende polyacrylamide gelelectroforese op grootte gecontroleerd en 
de mechanische eigenschappen van de resulterende hydrogel zijn gekarakteriseerd 
met behulp van rheologie. De voorlopige resultaten bevestigen het concept van deze 
toepassing en staan model voor verdere ontwikkeling van autonoom evoluerende 
hydrogels met microRNAs als activator.
In Hoofdstuk 6 worden de bevindingen van dit proefschrift in bredere context 
beschouwd, d.w.z. in de context van de ontwikkeling van biomaterialen. De belangrijkste 
bevindingen worden samengevat en mogelijke toekomstperspectieven worden 
geschetst. Over het algemeen laat dit proefschrift zien dat multifunctionele DNA-PIC 
hydrogels de potentie bezitten om de biochemische en mechanische eigenschappen van 
natuurlijk voorkomende polymere materialen zeer precies en gericht na te bootsen, wat 
gebruikt kan worden voor verder fundamenteel en toegepast onderzoek.
          
 
 
 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 136
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 137
137
Acknowledgements
 
My 5 years of stay in the Netherlands has been amazing, I have not only gained experience 
and knowledge but also grew as a better person. This journey would not have been 
possible without the help and support of many people. 
First and foremost, I would like to thank Hans Heus for the opportunity he gave me. During 
my PhD, I have learned a lot from you, especially about attention to details and patience. 
You gave me independence to greatly explore my ideas in my own style and pace, I whole-
heartedly thank you for your guidance and support.  
I am very thankful to Professor Alan Rowan. Your ideas and energy have always 
been motivating. I would also like thank to Professor Arno Kentgens, our occasional 
interactions during our lab gatherings have been great. 
I would like to thank Professor Roeland Nolte for being my promotor at the very late stage 
of my PhD. I have always followed your work, which has truly inspired me, and it also felt 
great to make a very small contribution in the further development of polyisocyanides. 
My sincere gratitude goes to the members of the manuscript committee, Professor Jan 
van Hest, Professor Gijsje Koenderink and Dr Paul Kouwer, for accepting to be a part of it 
and reviewing this thesis. 
I would like to thank Frank Nelissen, without your contribution I do not think this 
thesis would have been complete. You have made a big contribution not only on the 
experimental part of this work but also in reviewing/correcting a lot of my manuscripts 
and even translating the thesis summary to dutch. I only regret that the original idea 
for the RCA project did not work, since we did invest so much of time and effort on this 
project. 
A big thanks to everyone at Solid and Liquid State NMR department. We have shared 
so many events together and I learned quite a few tricks. Koen, Ole, Martijn, Nan, Niels, 
Michael, Indrek, Manvendra, Thijs, Lavinia, Tatiana, Merijn, Wouter, Bas, Fleur, Sander, 
Gerrit, Hans Janssen, Ruud, Wangling, James, Aafke, Ernst and Marco. 
Koen and Bas thank you so much. You guys managed to come down for my marriage all 
the way to Chennai (India) on such a short notice and that meant a lot to me. Ole and 
Malve, you are an amazing couple and you have always accommodated me and Aish, I 
truly cherish your company. Merijn it was always wonderful to interact with you, we always 
had a very good laugh. Manvendra, sirji you have been part of this journey right from start, 
we have shared so many things, I still remember our ‘lavish’ lunch walks during our ﬁrst 
year of PhD. Because of you, I pushed myself in playing Squash and Badminton, it was 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 138
ACKNOWLEDGEMENTS
138
always fun to play with you. Anshikha, I thank you as well, you and Manvendra have always 
been very welcoming, and I hope to catch up with you guys in the UK. 
I would also like to thank Rajat, Roel from Molecular Materials group, especially Roel; 
without your special PIC polymers I would not have been able to make this hydrogel at 
all, I have always enjoyed interacting with you. Also, a thanks to Abbas and Vijay, I have 
always enjoyed our interactions. I also would like to thank everyone from Single Molecule 
Group, Sophie, Petri, Themis, Monique, Anna and Kerstin. I would like to thank Venkat, 
Rao, Yujie, Agata, Lifei, Maaruthy and Mahesh from Physical-Organic Chemistry group. 
Many thanks to Marian, for taking care of the administrative part, you helped me in settling 
down in the Netherlands by explaning all the beaurocatic things. 
Special thanks to my previous mentor’s Dr Piyali Kar, Professor Aliasgar Contractor, 
Professor Mats Nilsson and Professor Anthony Turner, your guidance and support helped 
me in my achieving this. 
I would also like to thank everyone from Lighthouse Instruments BV, especially Derek 
Duncan for accommodating me while my thesis writing phase. 
I would also like to thank my friends in Nijmegen, ﬁrstly from Corridor 110 Hoogevelt – 
Anja, Lisa, Dong Li, Chang Liu, Elpida, Anja, Jan, Ahmed (Mido) and Aura. From Vossendijk 
Abhisekh-Sneha, Kriti-Rahul, Papori, Suruchi, Shaji. And Lastly Suhas, Azhar, Sagar-
Smita, Soniji and Anutiji, Presenjit
I would like to thank our friends in Amsterdam, Girish, Rashmi, Sandeep, Harsha, Ananya, 
Madhurima, Hari, Hemantha, Mohit, Stephanie-Bart, Stephanie H, Lisa, Nikhil-Amruta. 
Special thanks to Kaustubh, Vandana and Swati. 
Lastly, I would like to thank my Family who has supported me throughout this journey. I 
bet I can say it was much of roller coaster for you guys than me. Amma – Appa, thank you 
so much, you have cheered me during my stressful period, motivated always to achieve 
what I liked and without your support, I would not have progressed. Lavanya and Uday, 
thanks for all the love and support. Krishna chittapa, Rangmani mama, Patti, Nitya, Rahul, 
Vidhya, Radha Chitti, Sundar Chittappa, thank you for support and encouragement. 
Apurva and Divyang, you guys have played an immense part in this journey, you guys have 
always cheered me, motivated me and listened about my work with utmost enthusiasm. 
Thank you for being accomodative and supporting me during this PhD journey. 
Aai and Baba, thank you for everything, your hard work and struggle to make me an 
independent and conﬁdent person has enormously helped me in this journey. Your 
encouragement of achieving great things always motivates me, thank you for standing 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 139
139
with me. It has been a bigger challenge for you guys than me during this journey and atlast 
I am happy to be on the other side of this journey. 
Aishwarya, my better half; without your support I wouldn’t have pulled through this 
journey. You had the utmost patience for me when I was away in the Lab in the evenings, 
weekends and even holidays. Your energy, go-getter attitude has inspired me. I thank you 
for standing with me in this journey and I truly enjoy the fact you are part of my Life. 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 140
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 141
141
About the Author
 
Swapneel Ravindra Deshpande was born on 14th June 1986 in Thane, India. He did his early 
schooling and graduated as B Tech in Biotechnology in India. With quest of exploring 
scientiﬁc advances he worked as a Junior Researcher for 18 months at a start-up 
company called Polymeric Sensors from Indian Institute of Technology, Bombay where 
he researched about developing biosensors for point of care diagnostic applications. 
Inspired and motivated from his experiences he pursued to do master’s in applied 
biotechnology at Uppsala University, Sweden. After working at various labs during his 
master’s Internship at Uppsala, Linkoping and Tsukuba (Japan) from 2012 he started 
working for his PhD at Biophysical Chemistry Department, Radboud University under 
the guidance of Dr Hans Heus. During his PhD he worked to develop multifunctional 
DNA responsive polyisocyanopeptide hydrogels. Currently (2018) he works as a 
Scientist-II at Arecor, Cambridge (UK); providing scientiﬁc expertise in development of 
new formulations based on nucleic acids, peptides and antibodies. 
529624-L-sub01-bw-Deshpande
Processed on: 13-3-2019 PDF page: 142
Multi-functional 
nucleic acid based 
polyisocyanopeptide 
hydrogels
M
ulti-functional nucleic acid based polyisocyanopeptide hydrogels          Sw
apneel R. D
eshpande Swapneel R. Deshpande
